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Préambule

Ce mémoire constitue la synthése des travaux de Recherches menés au BRGM au cours de ces
10 derniéres années.

Apreés une introduction qui précise le contexte et les objectifs de ce travail, ce manuscrit
présente tout d’abord les grands principes de la géochimie isotopique du lithium.

Puis, dans un second temps, nous décrivons en détails le protocole de mesure des isotopes du
lithium dans des matrices liquides et solides.

Ensuite, et cette partie constitue le cceur de ce manuscrit, nous illustrons au travers de
différents exemples ciblés I'application de cet outil isotopique & la compréhension des
systéemes et des milieux comme les eaux de pluies et les fleuves ainsi que dans les interactions
eau/roche a basse et haute température, au travers des eaux thermo-minérales et des eaux
géothermales et enfin des systéemes expérimentaux. Les eaux thermales ou thermominérales
du Massif Central ont été séparées des eaux géothermales (Antilles et N°" zélande qui se
trouvent en contexte volcanique insulaire).

La derniére partie de ce manuscrit est consacrée a la synthése des activités de recherches en
terme de publications (articles, congres, rapports) et d’encadrement scientifique d’étudiants.
Nous présentons aussi une synthése des activités de recherches dans le cadre de projets de
R&D. Enfin, en annexe, une sélection d’articles scientifiques illustre ces travaux par
thématique. Ces exemples ont été sélectionnés dans le but de garder un fil conducteur dans
ce manuscrit. Il a donc fallu faire des choix pour illustrer au mieux les différentes applications.

Le lecteur est averti ici que les illustrations sont en anglais, ces figures sont directement
reproduites de publications scientifiques internationales rassemblées en annexe.
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1. Introduction

La matiere est constituée d’éléments chimiques tous batis sur le méme modele : I'atome est
constitué d'un noyau composé de protons (chargés positivement) et de neutrons
(électriguement neutres). Autour de ce noyau gravitent des électrons, particules chargées
négativement.

Chaque atome se distingue donc par son nombre de protons (ou d'électrons), également
appelé numéro atomique Z, le nombre de neutrons N et le nombre de nucléons (protons +
neutrons) A.

A
7E
E : élément chimique
A : masse atomique (protons + neutrons)

Z : numéro atomique (nombre de protons)

Le nombre de protons est égal au nombre d'électrons, ce qui assure la neutralité de I'atome.
L'ensemble des atomes dont le noyau posséde le méme couple (Z, A) est appelé un nucléide;
un élément chimique correspond a I'ensemble des atomes de méme numéro atomique Z.

Le mot isotope, composé du grec isos "égal, le méme" et topos "lieu, place", proprement
"qui occupe la méme place", fait référence a la classification de Mendeleiev (Figure 1) car
pour un méme élément chimique, il peut exister différents noyaux. En effet, si le nombre de
protons est toujours égal a Z, le nombre de neutrons peut varier et on parle alors d'isotopes
de I'élément chimique. Les isotopes sont caractérisés par le nombre de nucléons (protons +
neutrons) A. On différencie les isotopes d'un élément E par la notation “E avec par exemple,
le noyau de I'atome d'hydrogene qui est constitué d'un proton pouvant a I'état naturel étre
accompagné de zéro, un ou deux neutron(s). L'hydrogéne existe donc sous trois formes
isotopiques ‘H, °H (appelé deutérium, noté D) et H (appelé tritium, noté T). Les propriétés
chimiques des isotopes d'un méme élément sont identiques car ces isotopes ont le méme
nombre d'électrons.

La géochimie isotopique a connu ces derniéres années un développement sans précédent
en ce qui concerne les applications concernant le tracage des éléments dans
I'environnement. Cet essor est le résultat des développements instrumentaux dans le
domaine de I'analyse isotopique. En effet, I'outil de spectrométrie de masse a source plasma
et multi-collection (MC-ICP-MS: Multi Collector Inductively Coupled Plasma Mass
Spectrometer) a permis la mesure juste et précise a de trés faibles teneurs de systémes
isotopiques non traditionnels, notamment certains métaux, métalloides et non-métaux.
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1 2

H Analyses en routine au BRGM He
[ 1.008 4.00
3l 2 56 7 9§ o

Li | Be En cours de développement Bl|C|N|O| F |Ne
694 901 1081] 12.01| 14.01| 16.00] 19.00| 2018
12 E Rz BEE D B RE

Na[Mg|  [Sn]enprojet Al|Si|P[8]cl|Ar
23.00| 24.31 26.98| 28.00 3097| 32.08| 3545 3995
1o 20| 21 22[ 22[2a]  os5[ 28] 27 28] 20f 30| 31| 32| 23| 34| 35 6

KlfCa|Sc|Ti| V]|]Cr|Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge|As|Se| Br| Kr

39.10|840:08] 44.96| 47.90( 50.94|62i00] 54.94]765:85| 58.93| 58.71| 63.55|868:88] 69.72| 72.59| 74.92] 78.96] 79.90| 83.80
37 38| 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

RbPSKF| Y | Zr [Nb{Mo| Tc |[Ru|Rh |Pd|Ag[f€dl In [Sn|Sb|Te| | | Xe
85.47862| 88.91| 91.22| 92.91| 95.94] 98.91|101.07|102.90| 106.40] 107.90 4240 114.80] 118.70] 121.80( 127.60| 126.90| 131.30
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs|Ba|La*| Hf [ Ta| W|Re|Os| Ir | Pt |Au|Hg| Tl fPb} Bi | Po | At | Rn

132.90{ 137.30) 138.90{ 178.50| 181.00 183.90] 186.20] 190.20] 192.20| 195.10{ 197.00| 200.60 | 204.40i20#:20] 209.00 (210)' (210)' (222)
87 88| 89 104 105

Fr | Ra |[Ac*| Ku | Ha

@23)[ @28) (227)[ (258)[ (260)

4

58 59 60 61 62 63 64 65 66 67 68 69 70 71

*Lanthanides Ce | Pr PNd) Pm |Sm|Eu|Gd | Tb |Dy |Ho [Er |Tm|Yb | Lu

140.10[140.90|444:20] (145)|150.40152.00] 157.30 158.90| 162.50 164.90| 167.30{ 168.90| 173.00| 175.00

90| 91 92 93 94 95 96 97 98 99 100 101 102 103

**Actinides hy| Pa MU Np | Pu |[Am |Cm| Bk | Cf | Es |[Fm|Md | No | Lr

232100] 231.00288100§ 237.00|239.10[ (243)[ (247)[ (2a7)[ @50 @54) (257) (256) (254)[ (258)

Figure 1 - Classification des éléments chimiques dans le tableau de Mendeleiev. Les couleurs
identifient les différentes systématiques isotopiques appliquées, en développement et en
projet au BRGM a la date de ce document.

L’élément chimique lithium (Z=3) est constitué de deux isotopes de masse 6 et 7, voir la
figure 2, ci-dessous. Le lithium 7 (’Li) est 'un des rares nuclides ayant été formé lors de la
nucléosynthése primordiale (Big Bang), alors que trés peu de °Li a été généré durant cet
évenement. De nos jours, les atomes de Li sont principalement produits lors de réactions de
spallations, c'est-a-dire lors de la destruction d’atomes plus lourds de carbone et d’oxygéne
sous |'effet de rayonnements cosmiques. La cosmochimie du lithium revét une importance
particuliére car les rapports isotopiques "Li/CLi permettent a la fois d'aborder des problemes
cosmologiques, c'est-a-dire touchant au Big-Bang et a l'origine de I'Univers, et d'étudier
I'évolution de la composition chimique et isotopique de la galaxie (Chaussidon et Robert,
1998 ; Beck et al., 2004).

°Li | |iLi
® B

Figure 2 - Représentation schématique des isotopes de masse 6 et 7 du lithium avec
respectivement 3 et 4 neutrons.
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Le développement technologique instrumental des cers dernieres années a généré de
nombreux programmes de recherches appliquées concernant I'étude de l'origine, du
transfert et du devenir de ces éléments dans les systemes géologiques de surface et de sub-
surface.

La mise en évidence de variations des signatures isotopiques pour ces éléments dans les
différents réservoirs géochimiques permet non seulement d’étudier les processus ou
mécanismes de transfert de ces éléments entre ces réservoirs, mais aussi de quantifier les
flux et de caractériser les réactions physico-chimiques a I'origine de ces fractionnements
isotopiques (Faure, 1986 ; 1998 ; Allégre 2005).

Ainsi, la géochimie isotopique utilise les contrastes hérités de I’histoire de la Terre
(différenciation des réservoirs géochimiques terrestres) pour étudier les transferts
géochimiques actuels des éléments entre les différents réservoirs terrestres superficiels et
profonds (Allegre, 1987 ; Wasserburg, 1987).

L'analogie intéressante qui peut étre faite ici pour expliquer le niveau d’information
supplémentaire obtenu par I'analyse isotopique par rapport a I'analyse élémentaire est
décrite ci-apres (Figure 3). En faisant le paralléle entre une étude géochimique et une étude
démographique, l'analyse élémentaire (mesure de la concentration d’un élément)
s’apparente a compter le nombre d’individus dans une population. Alors que la mesure
isotopique consiste a faire le rapport des individus selon leur sexe (rapport isotopique) ou
selon leur age (datation en géochronologie).

Etude démographique Etude géochimique

Population = Analyse élémentaire =
nombre d'individus concentration de I'élément

(Mg/L, mmol/L, ppm ...)
(NN NN

/EVEVHVHVHVHVHVHVH\

/HVHVHVHVHVHVHVHVH\

Analyse détaillée Analyse isotopique
ratio homme/femme rapport isotopique ( ¥’Sr/ *Sr)
A4 Y O
/) /
(3 (R
age des individus datation (géochronologie)

[ ]
N x

Figure 3 - Analogie entre une étude démographique et une étude géochimique.

©R. Millot
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D’une maniere générale, les compositions isotopiques mesurées dans les éléments
chimiques peuvent selon les cas, soit caractériser les sources (origine de I'élément) ou soit
étre des marqueurs des processus physico-chimiques conduisant a un fractionnement entre
isotopes et par la-méme a une modification de la composition isotopique. Il est évident que
les deux phénomenes peuvent trés bien se surimposer.

En ce qui concerne le tragage des sources (origine et quantification des flux), 'exemple le
plus connu est probablement celui des isotopes du plomb. En effet, I'utilisation des
différents rapports isotopiques du plomb (*°°Pb/***Pb, **’Pb/***Pb et 2%°Pb/***Pb) permet
généralement de mettre en évidence la présence d’une ou plusieurs sources de plomb dans
I’environnement (citons ici les travaux pionniers dans le domaine de Clair Patterson et son
équipe dés les années 1960 : Tatsumoto et Patterson 1963 ; Murozimi et al., 1969).

La gamme de variation de la composition isotopique en Pb dans les matériaux terrestres est
tellement importante que I'empreinte isotopique laissée par I'histoire géologique du Pb
(différenciation des réservoirs et évolution dans le temps) est intégrée a la source de
pollution. Ainsi, la composition isotopique du plomb varie en fonction du rapport chimique
initial U/Pb (rapport dit pére/fils) et de I'age de son gisement d’extraction. De ce fait, le
plomb anthropique par exemple dispersé dans l'atmosphere par différents processus
(incinération, combustion...) conserve la signature isotopique de son minerai d’origine,
lequel differe tres généralement du plomb endogéne local. Et donc, on utilise la composition
isotopique du plomb a la maniére d’'une empreinte digitale pour discriminer différentes
sources naturelles ou anthropiques.

En ce qui concerne les processus, les principaux mécanismes de fractionnements
isotopiques résultent principalement des réactions physico-chimiques comme les
transformations d’oxydoréduction, de la dissolution ou de la précipitation de minéraux et/ou
de phases néoformées (oxy-hydroxydes) lors de l'altération, mais aussi des mécanismes
d’adsorption et de désorption sur des surfaces. A cela peuvent s’ajouter les effets liés aux
micro-organismes (bactéries) qui pour leur développement peuvent intégrer certains
métaux dans leur métabolisme et étre a I'origine de fractionnements isotopiques dans leurs
milieux de croissance.

12



Les isotopes du lithium: exemples d’applications en géochimie

2. Géochimie isotopique du lithium

2.1. Variations isotopiques du lithium dans les matériaux
géologiques

Le lithium est un métal alcalin et comme les autres éléments de son groupe, le Li possede un
seul électron de valence qui est facilement perdu pour former le cation Li*, ce qui explique sa
faible électronégativité. Le Li est le 3°Me glément de la classification périodique de
Mendeleiev, il se place en colonne 1A juste au-dessus du sodium, un élément aux propriétés
chimiques trés proches. Comme souvent dans le tableau périodique, le Li peut étre relié a
I’élément voisin selon une diagonale: le magnésium. En effet, le rayon ionique du Li est 0.163
nm c’est a dire tres proche de celui du Mg 0.168 nm et permet donc une substitution de ces
deux éléments. Toutefois le lithium, contrairement au Mg, reste un élément incompatible
lors des processus de fusion et de la cristallisation. D’apres la classification de Goldschmidt,
le Li est dit lithophile, modérément incompatible et se trouve donc en abondance dans les
roches silicatées de notre planéte (lithium vient de « lithos » : la roche).

Le lithium est un élément chimique qui posséde deux isotopes de masse 6 et 7, dont les
abondances naturelles sont respectivement de 7.5% et 92.5% (Figure 4).

100 T T T

80 —|

Abundance (%)

Figure 4 - Abondances en % des deux isotopes du lithium.

Le lithium présente donc un caractére lithophile et tres fortement soluble. La différence de
masse relative entre les deux isotopes est considérable (17%, Figure 5) et engendre des
fractionnements de masse importants lors des processus géochimiques. Coplen et al., (2002)
ont montré que la gamme de variation des compositions isotopiques du lithium est de plus
de 60%o dans les matériaux géologiques.
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Figure 5 - Graphique représentant I’écart de masse relatif (Am/m) en fonction du numéro
atomique Z (Johnson et al., 2004).

La composition isotopique du lithium d’un échantillon (« sample ») se note en déviation
relative (en %o) par rapport a la valeur d’un standard:

L
°Li
57L| (%0): 7L. sample _1 % 103

|
oL

L-SVEC

Le standard de référence est un carbonate de lithium (L-SVEC, NIST RM8545) dont la valeur
du 8’Li est de 0%o par définition (’Li/°Li = 12.02 + 0.03, Flesch et al., 1973).

Dans son article de synthese, Tomascak (2004) a compilé I'amplitude des variations
isotopiques des différents réservoirs terrestres. De plus, Teng et al., (2004) ont également
reporté les compositions isotopiques de différents types de roches (shales, loess et granites)
dans le but d’estimer la composition isotopique du lithium de la crolite continentale

supérieure.

Ainsi, les granites présentent des compositions isotopiques en lithium comprises
généralement entre -2 et +2%o, quant aux basaltes (de type MORB, OIB et basaltes d’arc)

leurs &8’Li varient de +2 3 +6%eo.

L'eau de mer actuelle posseéde une composition isotopique en lithium trés homogéne
d’environ +31%o., les eaux de rivieres ont des compositions intermédiaires entre +6 et +37%o
et les eaux thermo-minérales ont des compositions isotopiques qui varient entre -20 et
+10%o (Figure 6).
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Figure 6 - Variations des compositions isotopiques du Li dans les matériaux terrestres.
Modifié d’aprés Tomascak (2004).

D’une maniere générale, les concentrations en lithium des eaux ne sont contrélées que par
les processus d’interactions eux-mémes (intensité d’interaction, température et assemblage
minéralogique), par la formation de minéraux secondaire d’altération ainsi que par les
processus d’adsorption/désorption lors d’échange entre le lithium en solution et les surfaces
minérales. D’autre part, il a été montré que les réactions d’oxydo-réduction, de
complexation organique ou de spéciation n‘ont aucun effet de controle vis-a-vis des
concentrations de lithium dans les eaux.

2.2. Fractionnement isotopique du lithium et parameétres
de controle

Deux grands types de fractionnement des isotopes stables sont aujourd’hui connus :

1- le fractionnement d’équilibre se produit lors des réactions chimiques ou physiques
faisant intervenir une réaction d’équilibre. Limportance de ce type de
fractionnement est directement proportionnelle a la différence de masse entre les
deux isotopes et I'amplitude du fractionnement est inversement proportionnelle a la
température. En effet, lorsque la température de la réaction augmente, le
fractionnement isotopique d’équilibre tend a devenir nul.

2- lors d’un fractionnement cinétique, les isotopes les plus légers sont
systématiquement avantagés par leur vitesse lors des réactions chimiques ou lors des
processus de transport. Ce mode de fractionnement est théoriquement insensible a
la température.
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En ce qui concerne I'amplitude des fractionnements isotopiques du Li lors des interactions
eau/roche et les facteurs qui les contrélent, des études menées dans des contextes
d’altération de basse/moyenne température ont montré que le fractionnement isotopique
associé aux interactions eau/roche favorise I'enrichissement de la solution en isotope lourd
("Li). Ce résultat vient du fait que I'isotope léger (°Li) est préférentiellement retenu dans les
phases solides en particulier dans les minéraux secondaires d’altération (c.f. Tomascak,
2004).

Lors de l'altération des roches par les eaux a la surface de la Terre, les isotopes du lithium
sont fortement fractionnés (a' peut varier de 0.970 a 0.990 entre les phases dissoutes et
particulaires transportées par les rivieres ; Huh et al., 1998 ; 2001). A I’échelle d’un bassin
versant, la signature isotopique du lithium des eaux n’est pas un traceur des lithologies, mais
il a été montré que I'amplitude du fractionnement isotopique (A) est a mettre en relation
avec l'intensité de I'altération (Huh et al., 2001 ; Millot et al., 2010a).

En ce qui concerne le fractionnement isotopique a plus haute température, notamment lors
des processus d’altération sous-marine de la croGte océanique, Chan et al.,, (1992) ont
montré qu’il existait un fractionnement de o = 0.981 pour une température de 150°C
(Otmineral-fiuide), alors qu’il est de 0.993 a 0.997 a 350°C environ (Chan et al., 1993). Enfin,
I'analyse isotopique du lithium de différentes laves d’une série de différentiation
magmatique a clairement montré I'absence de fractionnement isotopique a partir de 1050°C
(Tomascak et al., 1999a). De plus, une loi expérimentale qui relie le fractionnement
isotopique (entre une solution et la phase solide) et la température a été établie par Millot
et al., (2010b) et s’exprime de la fagon suivante avec la température en Kelvin :

A solution — solide = 7847 / T-8.093

La plupart des fractionnements isotopiques du lithium se produisent a la surface de la Terre.
La faible charge ionique, le rayon relativement petit et le fort degré de covalence dans ses
liaisons donnent au lithium des propriétés qui vont faire qu’il sera présent dans de
nombreux environnements géochimiques (eaux, roches, sols, sédiments...). Le lithium
possede en solution une coordination tétraédrique hydratée par des molécules d’eau. Dans
les solides, le lithium occupe des sites de coordination soit tétraédrique, soit octaédrique.

Le fractionnement isotopique associé a la cristallisation/recristallisation, dans laquelle le gain
en énergie se produit par I'incorporation préférentielle d’un isotope par rapport a l'autre
dans un site cristallographique, est un mécanisme important a la surface de la Terre. Les
calculs thermodynamiques (Yamaiji et al., 2001) montrent que I’échange de lithium vers des
sites cristallographiques octaédriques a partir d’'une solution favorise l'incorporation
préférentielle de I'isotope °Li dans le solide. Ce fractionnement isotopique a été mis en
évidence dans de nombreux environnements naturels, et I'effet de fractionnement semble
étre dépendant a la fois de la température de réaction et du rapport eau/roche dans une
moindre mesure (Wunder et al., 2006 ; Millot et al., 2010b).

Les lois thermodynamiques de fractionnement isotopique du lithium lors de la dissolution de
minéraux primaires (fractionnement d’équilibre) tiennent compte des faibles différences

! o est le facteur de fractionnement entre les phases A et B, tel que : 10’ x In Oag= 67LiA - 87LiB = Aas
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d’énergies de liaison entre les ions des différentes masses (O’Neil, 1986). Ainsi la rupture de
la liaison du °Li (haute énergie) est favorable du point de vu énergétique, de telle sorte que
le fractionnement isotopique d’équilibre va favoriser I'enrichissement relatif de la solution
en isotope °Li. D’autre part, lors d’expériences de dissolution de verres basaltiques, Verney-
Carron et al. (2010) ont montré que des lessivages partiels peuvent également produire des
solutions enrichies en °Li du fait de I'enrichissement par diffusion de cet isotope léger dans
les couches externes des verres basaltiques. Toutefois, il a été aussi montré (Pistiner et
Henderson, 2003) par des expériences de dissolution de roches en laboratoire que la
dissolution minérale congruente ne semble pas étre a l'origine d'un fractionnement
isotopique significatif (c’est a dire mesurable dans la limite des performances analytiques
actuelles, au mieux + 0.5%o).

Quoiqgu’il en soit, la dissolution en tant que mécanisme de fractionnement isotopique n’est
pas forcément le processus dominant dans les environnements de basse température, ou
ses effets sont généralement masqués par des processus postérieurs, comme lors
I'altération continentale et la néoformation de minéraux d’altération (Huh et al., 2001 ;
Millot et al., 2010a ; Lemarchand et al, 2010).

L’adsorption sur les surfaces minérales est un des mécanismes majeurs du fractionnement
isotopique du lithium dans I'hydrosphere. A la température de la surface de la Terre,
I'adsorption du lithium sur des phases minérales a partir d’'une solution a été mise en
évidence (Taylor et Urey, 1938 ; Anderson et al., 1989), bien que les lois d’adsorption
prédisent que le lithium doit étre adsorbé en faible proportion en comparaison des autres
éléments de la famille des alcalins. La sorption et la rétention des ions en solution dépend
fortement de la chimie des surfaces minérales et de la composition de la solution.

D’autre part, il a été montré expérimentalement que I'amplitude du fractionnement de
masse a la désorption est équivalente a celle liée a I'adsorption (Taylor et Urey, 1938), alors
que des analyses d’échantillons naturels ont montré que ce fractionnement n’était pas
réversible (James et Palmer, 2000). L'irréversibilité de ce processus peut étre attribuée au
fait que du lithium soit incorporé dans des sites cristallographiques structuraux plutét que
dans des sites échangeables a la surface, suggérant que I'amplitude de ce fractionnement
peut étre tres différente selon les surfaces minérales considérées.

Le comportement du lithium dissous lors de la sorption d’une eau de mer sur des minéraux
argileux et des sédiments a été étudié par Zhang et al., (1998). Ces auteurs ont observé un
fractionnement isotopique similaire pour la vermiculite, la kaolinite et des sédiments du
fleuve Mississippi (o~ 0.978). Pistiner et Henderson (2003) ont également réalisé des
expériences sur l'effet isotopique lors de la sorption du lithium sur différents minéraux.
Leurs résultats montrent que les réactions de sorption dans lesquelles le lithium n’est pas
incorporé de maniere structurale ne produit pas de fractionnement isotopique. Alors que
leurs expériences montrent que lorsque le lithium est incorporé par des liaisons plus fortes,
un fractionnement isotopique est observé et dépend de la structure chimique des minéraux,
en accord avec les données acquises par Anghel et al. (2002). Le fractionnement le plus
important est mesuré pour la gibbsite avec a ~ 0.986, ce résultat est en accord avec ceux de
Millot et Girard (2007).
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3. Mesure des rapports isotopiques du lithium

3.1. Spectrométrie de masse

Les rapports isotopiques d’un élément sont mesurés par un spectrometre de masse, ou un
faisceau d’ions est produit dans une source sous vide a partir d'un échantillon. Les différents
ions sont séparés selon leur rapport masse/charge par une combinaison de champs
électromagnétiques incluant une accélération/focalisation par un champ électrique et une
séparation en masse par un champ magnétique. lls sont enfin détectés et exprimés en
fonction de leur abondance relative.

Dans la spectrométrie de masse appliquée aux isotopes du lithium deux grands types sont

utilisés :

1- les spectromeétres de masse a source « solide » (TIMS pour Thermo-lonisation Mass
Spectrometer)

2- les spectrometres de masse a source plasma a couplage inductif et multi-collection
MC-ICP-MS.

Figure 7 - Spectromeétre de masse a source solide (TIMS) modéele MAT 262 du brgm. La partie
en premier plan correspond a la source, ensuite nous pouvons apercevoir I’'aimant au second
plan a gauche et enfin le tube et la partie « collection/détection » a I’arriére plan a droite.

La technique TIMS (Thermo-ionisation Mass Spectrometry, Figure 7), met en jeu la thermo-
ionisation d’un élément dans une source dite « solide » sous vide a des températures
supérieures a 1000°C. L’échantillon est déposé sous forme de trés fines gouttes sur des
filaments d’un métal réfractaire (rhénium, tungsténe ou tantale); I'évaporation de la solution
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laisse un sel sur le filament. Ce filament est chauffé jusqu'a une température suffisante pour
gue le sel soit évaporé et que I'élément soit ionisé.

Figure 8 - Neptune MC-ICP-MS en service au brgm.

Les MC-ICP-MS (Figure 8) utilisent la méthode dite a source plasma des ICP-MS pour la
vaporisation et I'ionisation des échantillons couplée avec la technique de spectrométrie de
masse pour la séparation des isotopes et la mesure des rapports isotopiques. L'échantillon
liguide est introduit dans la source du spectromeétre sous la forme d’un aérosol ou il est
vaporisé et ionisé par un plasma, gaz partiellement ionisé sous l'influence d'une forte
différence de potentiel. Cette méthode, par rapport a la technique TIMS, présente
I'avantage de créer un tres bon taux d'ionisation pour un grand nombre d'éléments.

Au préalable a cette mesure isotopique par TIMS ou MC-ICP-MS, I’échantillon subit une
étape de préparation : I’élément dont on souhaite mesurer la composition isotopique doit
étre purifié, c’est a dire séparé du reste de la matrice. Cette étape de préparation des
échantillons, nécessaire pour isoler I’élément dont on veut analyser les isotopes, se déroule
dans des salles blanches en surpression, avec des réactifs purifiés permettant une
contamination négligeable.

Les premiéres mesures isotopiques du lithium ont été réalisées par spectrométrie de masse
a thermo-ionisation (TIMS) dans les années 80, a des niveaux de précision proche de 1 a 2%o
et pour une quantité de lithium de 100 ng a 1000 ng (Chan, 1987 ; Xiao et Beary, 1989). Mais
ce n'est que trées récemment, avec le développement technologique des dernieres
générations de spectrométres de masse a source plasma et multi-collection (MC-ICP-MS),
gue la mesure isotopique a été rendue possible pour des quantités beaucoup plus faibles (20
a 50 ng) avec une précision meilleure (0.5 a 1%o ; Tomascak et al., 1999b ; Nishio et Nakai,
2002 ; Bryant et al., 2003 ; Millot et al., 2004). A I'heure actuelle, la mesure par MC-ICP-MS
combine de trés nombreux avantages, notamment en ce qui concerne la sensibilité, la
reproductibilité mais également la rapidité d’analyse.
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Le lien qui existe entre les développements des méthodes instrumentales et le nombre de
publications dans la thématique du lithium dans les Sciences de la Terre est représenté
graphiguement dans la Figure 9, ol sont reportées les publications par année avec en bas les
différentes évolutions dans les techniques de mesures. Cette compilation bibliographique,
bien que datant de 2010, illustre I'augmentation significative des publications dans le
domaine en relation avec les dernieres évolutions de MC-ICP-MS au début des années 2000.
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Figure 9 - Nombre de publications scientifiques par année dans la thématique des isotopes du
lithium dans les Sciences de la Terre (étude bibiographique réalisée en 2010).

3.2. Protocole de purification du lithium

Comme déja dit précédemment, avant la mesure isotopique, nous procédons a une
préparation chimique de I'échantillon de fagon a obtenir une quantité purifiée de lithium de
60 ng. Pour les échantillons solides (roches, sédiments, minéraux) une autre étape préalable
a la purification est nécessaire et consiste en la mise en solution de I’échantillon par attaque
acide a chaud (HF, HNO3; HCIO4, HCI).

Un fois en solution, le lithium est donc séparé de sa matrice par chromatographie ionique
sur résine échangeuse d’ions dans une salle blanche sous hotte a flux laminaire (Figure 10).
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TEFLON® PFA column

Bio Rad resin AG50WX12 200-400 mesh
volume =3 mL

Figure 10 - Colonnes en Téflon contenant de la résine cationique, ces colonnes se trouvent
dans une hotte a flux laminaire, elle-méme située dans une salle blanche.

L'étape de purification par chromatographie ionique consiste a séparer les éléments
chimiqgues contenus dans une matrice. Le principe repose sur les équilibres successifs lors de
I’élution d’une solution dans une colonne contenant de la résine, ces équilibres sont régis
par les coefficients de partage des différents éléments entre la résine et la phase d’élution.
La figure 11 illustre le principe de séparation des deux éléments. Les résultats de la
calibration en ce qui concerne les éléments Li et Na sont reportés dans la figure 12 pour une
matrice d’eau de mer. L'exemple de la purification du lithium de I'eau de mer a été choisi
d’une part parce que le rapport Na/Li de I'eau de mer est trés important et d’autre part
parce que les éléments Li et Na possédent des coefficients de partage relativement proches
pour ce type de résines (les autres cations majeurs Mg**, K*, Ca** sont retenus en milieu
acide HCl 0.2N dans la résine). La séparation quantitative du Li et du Na de I'eau de mer
constitue donc un vrai challenge analytique.
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Figure 11 - Schéma de principe de séparation de deux éléments par chromatographie
ionique.
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Figure 12 - Courbes d’élution du lithium et du sodium en milieu acide HCI 0.2N pour une
matrice eau de mer. Seule la fraction comprise entre 10 et 35 mL est collectée (fléche rouge)
et contient uniquement le lithium. A noter la différence d’échelle significative entre le lithium

et le sodium.

Lors de cette étape de purification, il a été montré que les deux isotopes de masse 6 et 7 du
lithium peuvent étre fractionnés si le rendement de purification n’est pas exactement de
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100%. Dans la figure 13, le rapport isotopique ’Li/°Li est reporté en fonction du pourcentage
de Li élué. Ce graphique illustre bien la différence qui existe au cours de I'élution : le °Li et le
’Li présentent un comportement légérement différent (le °Li est fixé de maniére plus
efficace du fait de la différence de masse).
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Figure 13 - Evolution de la composition isotopique du lithium au cours de I’élution sur résine
échangeuse d’ions (d’aprés Tomascak, 2004).

Au cours des développements analytiques que nous avons réalisés, nous avons testé
I’'absence de fractionnement lors de I'analyse répétée de solutions de référence de Li (apres
purification). De plus, nous avons également évalué notre reproductibilité totale externe par
la mesure répétée du standard d’eau de mer IRMM BCR-403 apres purification chimique
(87Li = +31.0 + 0.5%0, 20, n = 31, Millot et al., 2004). La figure 14 montre les données
compilées dans la littérature pour I'eau de mer actuelle, sachant que la composition
isotopique du lithium de I'océan est homogene (Huh et al., 1998). La reproductibilité que
nous obtenons est de + 0.5%o0 (20).

Le standard de roche JB-2 a également été analysé apres la mise en solution de ce basalte
par attaque acide et la purification du lithium de sa matrice. Nous obtenons la valeur
moyenne de 8’Li = +4.9%0 * 0.6 (2 o, n = 17), qui est en trés bon accord avec les données
publiées dans la littérature (voir une compilation des données dans Tomascak 2004).

D’autre part, dans le cadre d’une collaboration avec le Centre de Recherches
Pétrographiques et Géochimiques de Nancy (CRPG) qui a synthétisé 3 solutions standards
(Li6-N, LiCI-N et Li7-N) qui couvre une trés large gamme de variations isotopiques du lithium
(de -10 a +30%o), nous avons pu tester la justesse de notre mesure (Carignan et al., 2007 ;
Figure 15) sur deux instruments différents: respectivement I'ISOPROBE a Nancy et le
NEPTUNE a Orléans.
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Figure 15 - Comparaison entre les valeurs obtenues a Nancy (axe des Y) et au BRGM (axe des
X) lors de la mesure de 3 solutions standards Li6-N, LiCI-N et Li7-N (Carignan et al., 2007). A
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3.3. Acquisition de données et corrections

Le biais de masse instrumental qui se produit dans la source plasma de I'instrument résulte
de I’extraction et de la transmission préférentielle des ions les plus lourds dans la source ICP
(Figure 16).

plasma

Figure 16 - Schéma et photographie de la source ICP du Neptune. Successivement de gauche
a droite : le lithium est tout d’abord ionisé dans le plasma, les ions sont ensuite extraits par
une différence de potentiels de 2000 V, puis ce faisceau est accélerré (5000 V) et focalisé a la
fois dans les 3 dimensions de I'espace (X-Y-Z) mais aussi en énergie par un filtre
électrostatique.

Afin de corriger de ce biais de masse instrumental et de sa dérive au cours du temps, la
mesure de la composition isotopique se fait selon la méthode dite de « standard-
bracketing » en normalisant au standard L-SVEC (NIST, RM8545). Chaque mesure isotopique
(échantillon et standard L-SVEC) est également corrigée du « blanc » qui correspond au
milieu d’introduction contenant I’échantillon (HNO3 3%) et au bruit de fond instrumental. Le
principe est décrit dans la figure 17, ou l'on alterne successivement un standard, un
échantillon, un standard etc.

La mesure des isotopes du lithium se fait en mode « plasma chaud » (1200W) et le systeme
d’introduction utilisé est le SIS (Stable Introduction Systéme) qui est constitué d’'une double
chambre de nébulisation (cyclonique + type Scott) associée a un micro-nébuliseur en Téflon
PFA (Figure 18).

Une fois I"’échantillon liquide introduit dans la source sous la forme d’un aérosol, le lithium
est ionisé dans le plasma (partie ICP : Inductively Coupled Plasma, Figure 19). Le faisceau
d’ions ainsi créé est accéléré puis focalisé par un systeme composé de lentilles et de plaques
de focalisation.
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Figure 17 - Principe du standard-bracketing et de la correction des blancs. Le schéma du bas
montre I’évolution au cours du temps du rapport isotopique pour le standard et I’échantillon
ainsi que le principe d’interpolation pour le calcul du delta.

Figure 18 - Systeme SIS d’introduction de I’échantillon liquide dans le plasma.
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La partie principale du spectrometre de masse est I'aimant (partie MS : Mass Spectrometry,
Figure 18). En effet, c’est dans cette partie que les trajectoires des particules chargées vont
étre séparées en fonction de leur masse.

MS

magnet \ Multi-collector :
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(8 lon Counters)
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Figure 19 - Schéma de fonctionnement du MC-ICP-MS Neptune.

Enfin, dans la partie MC (Multi Collection) les faisceaux d’ions pour les isotopes 6 et 7 du
lithium sont mesurés en multi-collection statique sur les cages de Faraday les plus éloignées
(L4 et H4, Figue 20) aprés amplification du signal.

La mesure se fait lors de I'acquisition des signaux sur les masses 6 et 7 pendant 15 scans de
16 secondes de temps d’intégration. La mesure au total dure donc 4 minutes, auxquels il
faut ajouter 1 minute 30 « d’uptake » pour permettre a la solution d’arriver et au signal de
se stabiliser. Avec la configuration telle que décrite précédemment, nous obtenons des
signaux proches de 2V et 0.1V respectivement pour les masses 7 et 6 du lithium (Figure 20).
La statistique de mesure nous donne une erreur interne de I'ordre de 0.1 a 0.2%o (2G,). Lors
de la mesure, environ 500 pL d’une solution a 30 ng/mL sont consommeés, ce qui correspond
a une quantité totale de 15 ng du lithium.

Enfin, le blanc (milieu d’introduction de I’échantillon) est faible, de I'ordre de quelques mV
sur la masse 7 du lithium, ce qui correspond a moins de 0.2% du signal de I’échantillon. Un
ringage en milieu HNO3 3% pendant 5 minutes entre chaque mesure est suffisant pour un
retour a la ligne de base et une correction juste de ce blanc lors de la mesure.
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Figure 20 - Configuration pour la mesure des isotopes du lithium sur les cages L4 et H4. Les
spectres de masse pour les masses 6 et 7 sont donnés pour la mesure d’une solution standard

de 30 ng/mL de lithium.

Pour conclure en ce qui concerne la mesure des isotopes du lithium par MC-ICP-MS, nous
retiendrons que :

La méthode de mesure des isotopes du lithium sur Neptune MC-ICP-MS est
relativement rapide et trés sensible : 15 ng de lithium suffisent pour la mesure de la
composition isotopique. Cette mesure requiert des réglages fins de I'instrument et
une bonne validation de I’ensemble de la chaine analytique.

Au préalable a la mesure, une étape de purification du lithium est nécessaire. Lors
de cette étape, il faut s’assurer du rendement de 100%, de |'absence de
fractionnement et de I'absence de contamination soit par les réactifs soit par
I'opérateur. Au cours de la préparation de I’échantillon, I’apport en lithium lié aux
réactifs utilisés et a la manipulation est totalement négligeable. Aucune correction
de blanc de chimie n’est donc apportée. Toutefois des mesures de blancs de chimie
et des réactifs sont réalisées périodiquement pour contréler leurs niveaux et leurs
reproductibilités.

Le protocole a été validé par la mesure répétée sur le long terme de différentes

solutions standards et de matériaux de référence. Il est important de souligner que
la reproductibilité externe de notre protocole pour la mesure isotopique du lithium
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d’échantillons naturels apres purification est de + 0.5%o (20, 2 standard déviation)
(Millot et al., 2004). Des lors, lincertitude analytique attribuée a chaque
détermination de &’Li est donc de * 0.5%o (20), elle correspond 3 la reproductibilité
totale externe du protocole.
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4. Exemples d’applications : synthese des
principaux résultats

4.1. Eaux météoriques (Millot et al., 2010?)

Dans cette étude, nous reportons pour la premiére fois la composition isotopique d’eaux de
pluies. Nous avons réalisé le suivi mensuel de 4 sites en France tout au long d’une année a la
fois pour des stations proches de I'océan (Brest, Dax) et des stations plus continentales

(Orléans, Clermont-Ferrand ; Figure 21).
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Figure 21 - Carte de localisation des sites de suivi des eaux de pluies sur fond de carte
géologique (Millot et al., 2010c).

L’objectif de ce travail était de contraindre I'origine du lithium dans les eaux de pluie par une
approche isotopique en étudiant les variations spatio-temporelles des eaux météoriques a
I’échelle de la France au cours d’un suivi annuel. Un autre objectif de ce travail visait
également a contraindre I'apport des eaux météoriques aux eaux de surface en terme de

2 Millot R., Petelet-Giraud E., Guerrot C., Négrel Ph. (2010) Multi-isotopic composition (57Li-5nB-8D-8180) of
rainwaters in France: origin and spatio-temporal characterization. Applied Geochemistry, 25: 1510-1524.
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signature isotopique moyenne. Cet apport serait intégré par la suite dans les modeles de
mélange pour les eaux de surface (rivieres, fleuves) et les eaux de subsurface (eaux
souterraines).

Avant cette étude des isotopes du lithium dans les pluies, I'hypothése qui était faite dans la
littérature consistait a considérer que le lithium de la pluie était uniguement d’origine
marine et donc que sa composition isotopique était celle de I'océan actuel (8’Li = +31%o).

Le premier résultat majeur de cette étude est graphiquement représenté dans la figure 22,
ou les compositions isotopiques du lithium sont reportées sous la forme d’un histogramme
pour les 4 sites d’étude : nous pouvons voir trés clairement que les eaux de pluie n’ont pas la
signature isotopique de 'eau de mer (8’Li = +31%so).

12 —

P Brest
8 — B Dax
' Orléans
B Clermont-Ferrand

0] ] |I' l 'IT
40 60 80 100

-20 0 20

S7Li (%)

Figure 22 - Histogramme des compositions isotopiques du lithium des eaux de pluies pour les
4 sites d’étude (Millot et al., 2010c).

Si nous regardons les données plus en détail, nous pouvons noter que les eaux de pluies
présentent une signature isotopique en lithium qui est extrémement variable puisque
comprise entre +3.2 et +95.6%o. Les moyennes (+ G) sont respectivement de +22.5%o + 4.3,
+22.8%0 + 4.3, +16.1%0 £ 4.8 et +26.2%o0 £ 29.7 pour Brest, Dax, Orléans et Clermont-Ferrand.
Nous pouvons également remarquer que les pluies de Clermont-Ferrand présentent la plus
grande variabilité. Nous reviendrons sur ce point par la suite, notamment sur les valeurs trés
élevées en ’Li pour certaines pluies de Clermont-Ferrand.

Il apparait donc que le lithium n’est pas uniguement d’origine marine dans les eaux de
pluies. Avant de caractériser les autres sources de lithium dans les pluies, nous pouvons
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qguantifier cet apport marin en considérant que le sodium est uniquement marin, nous
pouvons écrire que :

Li marin = Na pluie X (Li/Na) marin

L'origine de cet apport marin peut étre visualisé géographiquement par la représentation
des roses des vents pour les stations étudiées (Figure 23). Nous pouvons voir que 'origine
des vents est globalement sud-ouest pour Dax et Orléans, et est trés |égérement différente
(sud-ouest et sud) pour Brest et Clermont-Ferrand.

Figure 23 - Roses des vents pour les 4 sites d’étude (Millot et al., 2010c).

La figure 24 présente graphiquement la contribution marine (%Li sea salt) en fonction de la
composition isotopique du lithium (8’Li). La lecture de cette figure montre de maniére
évidente que la contribution marine reste faible (< 20%, excepté pour certaines pluies de
Brest).
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Figure 24 - Composition isotopique du lithium en fonction de la contribution marine du
lithium (Millot et al., 2010c).

D’autre part, nous pouvons souligner que pour les pluies d’Orléans, Dax et Brest : plus la
contribution marine du Li est importante, plus la signature 8'Li se rapproche de celle de I'eau
de mer. Ce schéma n’est absolument pas respecté pour les pluies de Clermont-Ferrand, ou la
contribution marine est trés faible (entre 0 et 5%) et le &Li varie beaucoup et de maniere
indépendante.

Pour expliquer la distribution du lithium et de ses isotopes dans les pluies de Brest, Dax,
Orléans et Clermont-Ferrand, nous avons reporté dans la figure 25, la composition
isotopique du lithium en fonction du rapport Na/Li.

Les roches continentales silicatées ont des compositions isotopiques en lithium qui peuvent
varier entre -4 et +8%o (Teng et al., 2004 ; Millot et al., 2010a), les carbonates ont des
compositions qui varient de +6 a > +25%o (Hoefs and Sywall, 1997; Hall et al. 2005; Hathorne
and James, 2006; Vigier et al., 2007). Ces lithologies peuvent contribuer a la signature des
pluies si I'on tient compte de I'interaction de particules continentales et des molécules d’eau
dans I'atmosphere.

34



Les isotopes du lithium: exemples d’applications en géochimie

to anthropogenic input (’Li-rich)
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Figure 25 - Composition isotopique du lithium en fonction du rapport molaire Na/Li (Millot et
al., 2010c).

Les 3 pluies de Clermont-Ferrand qui présentent une signature tres enrichie en "Li (> +60%o)
ont des compositions isotopiques plus élevées que celle de I'’eau de mer. D’autre part, pour
ces mémes eaux de pluies, Négrel et Roy (1998) et Roy et Négrel (2001) ont montré
I’existence d’une contamination anthropique liée aux engrais par le tragage isotopique du
plomb et du strontium dans ces pluies. Ces valeurs élevées en ’Li pourraient donc s'expliquer
par une contribution locale provenant des engrais et/ou des amendements de sols utilisés
par les agriculteurs dans cette zone. Ce résultat est aussi en accord avec ceux de Négrel et al.
(2010) en ce qui concerne la caractérisation isotopique du lithium d'une tourbiére située
prés du site d'échantillonnage des pluies (site de la Sauvetat). La signature enrichie en ’Li des
eaux de surface de la tourbiere s'explique par la dissolution des engrais et des amendements
qui possédent des &’Li dont certaines valeurs peuvent atteindre +215%o (Négrel et al., 2010).
Ce composant extrémement riche en ’Li est attribué a la présence de lithium ajouté aux
engrais et/ou amendements de sol, ce lithium proviendrait d’un stock enrichi en ’Li comme
cela a été proposé par Qj et al. (1997). Ce lithium trés enrichi en ’Li est commercialisé dans la
filiere industrielle du lithium et provient principalement de résidus de I'industrie nucléaire
qui utilise uniguement du lithium oL (pour ses propriétés de capture de neutrons) ainsi le
lithium résiduel qui provient de cette filiere est par conséquent trés enrichi en ’Li (Coplen et
al., 2002).

Lorsque les isotopes du Li sont reportés en fonction du rapport Na/Li (Figure 25), les pluies
de Clermont-Ferrand semble indiquer un mélange entre un composant crustal (silicates
et/ou carbonates) et un composant anthropique (enrichi en ’Li). D’autre part, les pluies de
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Brest, Dax et Orléans montrent un mélange entre un composant crustal (complexe en raison
de la contribution relative des différentes lithologies) et un composant marin.

Pour conclure en ce qui concerne le lithium dans les eaux de pluies, nous retiendrons que :

La distribution du lithium et de ses isotopes dans les pluies est trés variable au
niveau spatio-temporel. Les teneurs sont relativement faibles (de 0.004 a 0.292
pmol/L) et les compositions isotopiques varient de +3.2 a +95.6%o.

L’effet de saisonnalité (quantité de pluie) n’est pas le facteur dominant de controle
mais I'effet de continentalité (distance par rapport a 'océan) est trés important
puisqu’il détermine la contribution marine de la pluie.

L’'un des principaux résultats de cette étude est que majoritairement le lithium des
pluies n’a pas une origine marine. Les autres sources doivent donc étre prise en
compte, qu’il s’agisse de particules continentales ayant interagit avec les molécules
d’eau dans I'atmosphére, ou bien, comme nous I’avons vu pour le site de Clermont-
Ferrand, d’un apport anthropique lié aux activités agricoles.
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4.2. Eaux de rivieres (Millot et al., 2010°% ; Lemarchand et
al., 2010

Dans cette partie, nous faisons la synthése de deux articles :

1- le premier concerne un grand bassin versant aux lithologies trés contrastées : le
bassin du fleuve Mackenzie au Canada (Millot et al., 2010a)

2- le second concerne un petit bassin versant monolithologique sur granite : le bassin
du Strengbach dans les Vosges (Lemarchand et al., 2010)

Cette approche multi-échelle nous permet de contraindre les paramétres de contréle du
fractionnement isotopique du lithium lors de I'altération par les fleuves.

4.2.1. Le bassin du fleuve Mackenzie

Le bassin du fleuve Mackenzie se situe au nord-ouest du Canada. Ce bassin est
majoritairement composé de roches sédimentaires et est soumis a un climat subarctique.
Les différentes zones morphologiques du bassin sont trés contrastées a la fois en terme de
lithologies mais aussi en terme de régime/contexte d’altération (relief, température,
influence de la matiere organique). La géochimie des eaux et des sédiments de ce fleuve et
de ses principaux affluents a été étudiée en détails au cours de ces derniéres années (Millot
et al., 2002 ; 2003 ; Gaillardet et al., 2003).

L’objectif de ce travail a consisté a évaluer le potentiel des isotopes du lithium en tant que
traceur des processus d’altération a I’échelle d’un grand bassin versant par I'étude des eaux
et des matieres en suspension.

Dans la figure 26, nous avons reporté sur la carte les points d’échantillonnage ainsi que les
différentes zones morphologiques d’ouest en est : la Cordillére, les montagnes Rocheuses, la
plateforme et le bouclier.

Cette zonation géographique est clairement conservée lorsque I'on regarde les compositions
isotopiques du lithium des eaux en fonction de la concentration (Figure 27). Les
concentrations varient de 0.05 a 1.29 umol/L alors que les compositions isotopiques sont
comprises entre +9.3 et +29.0%eo.

D’autre part, il existe un tres fort contraste isotopique entre les phases liquides et solides,
c’est a dire entre les eaux d’une part, et les sédiments (matiéres en suspension) et les roches
d’autre part (Figure 28). Les eaux du bassin du Mackenzie présentent des &’Li
systématiquement plus élevés que les matieres en suspension et les roches du bassin.

* Millot R., Vigier N., Gaillardet J. (2010) Behaviour of lithium and its isotopes during weathering in the
Mackenzie Basin, Canada. Geochimica et Cosmochimica Acta, 74: 3897-3912.

* Lemarchand E., Chabaux F., Vigier N., Millot R., Pierret M.C. (2010) Lithium isotope systematics in a forested
granitic catchment (Strengbach, Vosges Mountains, France). Geochimica et Cosmochimica Acta, 74: 4612-4628.
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Figure 26 - Carte du bassin du fleuve Mackenzie avec les points d’échantillonage et les zones
morphotectoniques (Millot et al., 2010a).
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Figure 27 - Compositions isotopiques du lithium en fonction de la teneur en lithium dans les
eaux du bassin du fleuve Mackenzie (Millot et al., 2010a).
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Figure 28 - Compositions isotopiques du lithium des eaux (rouge), des matieres en suspension
(bleu) et des roches (vert) dans le bassin du fleuve Mackenzie (Millot et al., 2010a).
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Le lithium dans les eaux du bassin du Mackenzie provient quasi exclusivement de I'altération
des roches silicatées (Millot et al., 2003 ; 2010a). D’autre part, I'examen attentif des
signatures isotopiques des eaux en fonction de la charge dissoute provenant de I'altération
de ces silicates (Figure 29) montre que les enrichissements en ’Li les plus importants se
produisent dans un régime d’altération relativement faible pour les fleuves des Rocheuses,
de la Cordillere et du bouclier canadien (« weathering regime #1 », Figure 29 et 30).

D’un autre coté, pour les principaux affluents, les fleuves de la plateforme et de la zone de
transition (« weathering regime #2 »), le régime d’altération est d’'une part plus intense et
d’autre part les signatures isotopiques du lithium sont relativement homogenes (notons
toutefois que les 8’Li sont toujours supérieurs a ceux des roches).
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Figure 29 - Compositions isotopiques du lithium des eaux en fonction de la charge dissoute
provenant de l'altération des roches silicatées (Millot et al., 2010a).

Si 'on raisonne maintenant en terme de mécanismes de contréle (Figure 30) et pour
expliquer ces variations, nous proposons linterprétation suivante: dans le cas n°1,
Ialtération faible a pour résultat un trés net enrichissement des eaux en ’Li (Rocheuses,
Cordillere et bouclier) qui ne résulte pas d’un lessivage préférentiel de cet isotope, mais de
I'incorporation préférentielle du °Li lors de la précipitation d’oxy- hydroxyde de fer, seule
phase d’altération susceptible de se former dans ces environnements et ces contextes
d’altération trés superficielle. Ce mécanisme a également été proposé pour expliquer les
signatures d’autres rivieres en zones périglaciaires comme en Islande ou au Groenland.

En ce qui concerne le cas n°2 pour les grands fleuves situés dans la plateforme intérieure, les
eaux ont des &’Li plus bas (mais toujours plus élevés comparés aux matiéres en suspension
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et aux roches). Dans ces zones ou |'altération est nettement plus intense, un équilibre entre
eaux et minéraux d’altération (des argiles dans ce cas) est le mécanisme principal de
contrdle des &’Li. De plus, la contribution d’eaux souterraines et des temps de résidence
relativement longs sont aussi des parameétres qui favorisent a la fois une altération plus
importante et un équilibre entre dissolution et formation de minéraux secondaires
d’altération.

M PN high 'L East
S =R, low weathering
- low residence time
Rocky & Mackenzie Mountains R

. Canadian Shield
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U
low &'Li
more intense weathering
longer residence time

Figure 30 - Schéma conceptuel de contéle des compositions isotopiques du lithim dans le
bassin du fleuve Mackenzie entre les différentes zones morphotectoniques et les régimes
d’altération (Millot et al., 2010a).

4.2.2. Le bassin du Strengbach

Dans le bassin versant du Strengbach, situé dans les Vosges et d’une superficie de 80 ha,
Lemarchand et al. (2010) ont étudié les eaux et les sols qui se développent sur une roche
mere granitique.

Alors gqu’il n’existe que tres peu de variation de la composition isotopique du lithium du sol
(valeurs proches de 0%o quel que soit la profondeur, Figure 31), les eaux porales présentent
des &'Li trés variables : les eaux superficielles ont des compositions basses (de -17 3 -5%o)
alors que plus en profondeur les eaux ont des compositions plus élevées (jusqu’a +30%o).
Dans les eaux porales, ces variations sont attribuées a des processus de dissolution et de
précipitation. En profondeur, la formation de minéraux secondaires d’altération qui
incorporent préférentiellement du °Li a pour effet d’augmenter le 8’Li de I'eau vers des
valeurs élevées. Au contraire, pour les eaux porales plus proches de la surface, les données
ont tendance a montrer que les minéraux secondaires et les minéraux primaires résiduels se
dissolvent ce qui engendre des valeurs de &’Li plus basses dans les eaux.
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Figure 31 - Compositions isotopiques du Li mesurées dans le bassin versant du Strengbach.
L’échantillon de roche mére (bedrock) correspond a la roche affleurant dans le milieu du
bassin versant du Strengbach (Lemarchand et al., 2010).

Pour conclure en ce qui concerne le lithium dans les eaux des riviéres, nous retiendrons
que:

= La distribution du lithium et de ses isotopes dans les fleuves est trés variable. Le
lithium dans les eaux de riviéres provient quasi exclusivement de I'altération des
roches silicatées.

= La composition isotopique des eaux est systématiquement plus élevée (enrichie en
’Li) que celle des roches méres et des matiéres en suspension.

= Les compositions isotopiques du lithium dans les eaux des rivieres sont donc un
bon traceur du régime d’altération qui est contr6lé par la balance entre la
dissolution des minéraux primaires et la précipitation des minéraux secondaires qui
fractionnent les rapports isotopiques en incorporant préférentiellement du °Li.
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4.3. Eaux thermominérales (Millot et al., 2007’ ; Millot et
Négrel, 2007°)

Dans cette partie, nous faisons la synthése de deux articles :

1- le premier concerne les eaux thermominérales du Massif Central et une
caractérisation multi-isotopique Li-B-Sr-Nd de l'origine de ces eaux (Millot et al.,
2007)

2- le second article porte sur un ensemble d’eaux thermominérales en France et une
approche couplée isotopique et géothermométrie (Millot et Négrel, 2007).

4.3.1. Caractérisation multi-isotopique Li-B-Sr-Nd d’eaux thermominérales
du Massif Central

Dans cette étude (Millot et al., 2007) nous avons réalisé une caractérisation multi isotopique
d’eaux thermominérales de la zone de la faille d’Aigueperse du bassin de la Limagne dans le
Massif Central (Figure 32). Les rapports isotopiques du lithium (8’Li), du bore (8''B), du
strontium (®Sr/%Sr) et du néodyme (*3Nd/**Nd) ont été déterminés dans les eaux et les
roches afin de contraindre I'origine de ces fluides d’un point de vu de la nature du réservoir.
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Figure 32 - (a) carte de localisation du Massif Central, (b) carte du bassin de la Limagne avec
la localisation des dix sites de prélevement, (c) coupe géologique synthétique et séquence
lithostratigraphique (Millot et al., 2007).

> Millot R., Négrel Ph., Petelet-Giraud E. (2007) Multi-isotopic (Li, B, Sr, Nd) approach for geothermal reservoir
characterization in the Limagne Basin (Massif Central, France). Applied Geochemistry, 22: 2307-2325.

® Millot R., Négrel Ph. (2007) Multi-isotopic tracing (8'Li- 8''B, ¥'sr/®sr) and chemical geothermometry:
evidence from hydro-geothermal systems in France. Chemical Geology, 244: 664-678.
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Les systématiques isotopiques Sr et Nd montrent que la plupart de ces eaux proviennent
d’un réservoir de type granitique (socle) a I’exception de quelques eaux dont la signature
isotopique Sr-Nd montre également une contribution de roche volcanique (basalte, Chatel
Guyon). Dans cette étude, nous avons également déterminé les compositions isotopiques du
lithium et du bore, dans la mesure ou ces systématiques isotopiques peuvent étre de bons
traceurs des processus et mécanismes mis en jeu lors des interactions eau/roche.

D’une maniere générale, les caractéristiques isotopiques Sr-Nd-Li-B sont trés variables a
I’échelle de la zone d’étude de la faille d’Aigueperse (Figure 33), ces différences traduisent
des origines variables mais aussi des intensités d’interaction eau/roche contrastées
(profondeur, température).

Dans ce contexte, |'étude couplée des isotopes Li-B-Sr-Nd illustre la complexité quant a la
caractérisation des réservoirs d’eaux thermominérales dans la mesure ou I'utilisation d’un
seul outil peut mener a des informations incomplétes en ce qui concerne |'origine de I'eau.
L'approche nouvelle par les isotopes du lithium sera approfondie par une étude
systématique d’eau thermales et thermominérales en France (Millot et Négrel, 2007) dans le
but de contraindre notamment la thermo-dépendance de la signature isotopique du lithium
avec une approche couplée isotopique et géothermométrie.
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Figure 33 - Compositions isotopiques du Sr et du Nd reportées en fonction de celle du Li pour
les eaux et les roches de la zone de la faille d’Aigueperse. Les numéros correspondent aux
eaux suivantes : [1] Joze, [2] Montpensier, [3] Royat - Eugénie, [4] St Myon, [5] Chatel Guyon
- Carnot, [6] Chatel Guyon - Louise, [7] Gimeaux, [8] Vichy - D6me, [9] Vichy - forage Antoine
and [10] Bourbon Lancy - Marquise. (Millot et al., 2007).

4.3.2. Approche couplée isotopique et géothermométrie

Dans le but d’étendre nos investigations en ce qui concerne le potentiel des isotopes du
lithium en tant que traceur des interactions eau/roche, nous avons analysé un certain
nombre d’eaux thermales (eaux chaudes) et d’eaux thermominérales (eaux chaudes et
salées) en France. Cette base de données a été réalisée pour les isotopes du lithium mais
aussi pour les isotopes du Sr et du B. L'objectif de ce travail (Millot et Négrel, 2007) consistait
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a croiser les signatures isotopiques du lithium avec les données de géothermométrie qui

traduisent la température du réservoir en profondeur et donc l'intensité de I'interaction
eau/roche.

La base de données est constituée de 36 eaux thermales (Figure 34) qui ont été
sélectionnées afin de couvrir une trés large gamme de variation a la fois en terme de
contexte lithologique mais aussi de température du réservoir en profondeur.
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Figure 34 - Carte de localisation des eaux thermales étudiées avec a droite un zoom sur les
eaux thermominérales du Massif Central (Millot et Négrel, 2007).

Nous observons que les variations isotopiques du strontium (le rapport 8’Sr/2°Sr est compris
entre 0.70755 et 0.72187) sont contrOlées par les variations lithologiques : les plus hautes
valeurs (>0.714) sont typiques des interactions avec des granites et/ou des gneiss (Vichy,
Cézallier, Chaudes-Aigues, Uriage), alors que les valeurs les plus basses sont observées en
contexte sédimentaire (<0.712, Dogger et Bagneres de Bigorre). Les compositions
isotopiques du bore (8''B) sont trés variables et sont comprises entre -8.3 et +21.6%o. Nous
n’observons pas de relation directe pour I'ensemble de la base de données entre d’une part

les compositions isotopiques du strontium ou du bore et d’autre part la température du
, " , , s, -7
réservoir calculée en profondeur par géothermométrie’.

’ Nous pouvons rappeler ici que la concentration de certains éléments chimiques dissous dans les eaux
géothermales dépend a la fois de la température d’interaction et de I'assemblage minéralogique de la roche
(White, 1965; Ellis, 1970; Truesdell, 1976; Arndrsson et al., 1983; Fouillac, 1983). Ainsi, comme les
concentrations des éléments sont contrblées par des réactions qui dépendent de la température, ces
concentrations peuvent étre théoriquement utilisées pour déterminer la température de I'’eau en profondeur.
Cependant, et comme I'ont souligné Fournier et Truesdell (1974), Michard (1979) et Giggenbach (1981) il faut
que: 1- les réactions qui dépendent de la température se produisent en profondeur, 2- les concentrations en
éléments soient suffisamment abondantes (la quantité de I’élément ne doit pas étre un facteur limitant), 3-
I’équilibre eau/roche se produise a la température du réservoir, 4- qu’il n’existe pas ou peu de ré-équilibration
ou d’échange lors de la remontée de I'eau vers la surface, 5- que les eaux chaudes profondes ne soient pas
diluées par des eaux plus froides en surface et 6- qu’il n’y ait pas de réactions d’échanges avec des minéraux
argileux en ce qui concerne spécifiquement Na et K (Weissberg et Wilson, 1977).
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Les équations traditionnelles de la géothermométrie (White, 1965; Fournier et Rowe, 1966;
Ellis, 1970; Fournier, 1973; 1977; 1979; Fournier et Truesdell, 1973; Fournier et Potter, 1979;
Truesdell, 1976; Giggenbach et al., 1983; Giggenbach, 1988) sont basées :
- surlasilice (quartz, calcédoine, cristobalite a et 3, silice amorphe),
- le géothermometre Na/K (controlé par I’équilibre plagioclase/feldspath K)
- etun géothermometre Na-K-Ca (dans le cas des eaux riches en Ca et qui peut inclure
une correction en Mg également).

D’autres géothermometres ont été développés, notamment ceux basés sur le lithium
(Fouillac and Michard, 1979 ; 1981; Kharaka et al., 1982; Michard, 1990). Au contraire du
géothermometre Na/K basé sur un équilibre thermodynamique, les relations
thermométriques basées sur le lithium ne sont liées a aucun équilibre entre I'eau et un
minéral porteur du lithium. Il s’agit de relations qui ont été calibrées soit dans des contextes
sédimentaires (Kharaka et al., 1982; 1985 ; Kharaka et Mariner, 1989) ou cristallins (Fouillac
and Michard, 1979 ; 1981; Michard, 1990).
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Figure 35 - Composition isotopique du lithium représentée en fonction de la température du
réservoir calculée par géothermométrie (Millot et Négrel, 2007).

Les températures des réservoirs des différents systemes étudiés sont reportés dans la figure
35 avec les compositions isotopiques du lithium. Différents géothermométres ont été
utilisés, et la température reportée sur I'axe des X correspond a la valeur vers laquelle les
équations convergent. Cette valeur est aussi en accord avec les données de la littérature
reportées pour chaque site par Millot et Négrel (2007).
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Nous pouvons remarquer dans la figure 35 qu’il existe une bonne relation entre la
composition isotopique du lithium et la température. Pour une température qui varie de 60
a 230°C, le &’Li décroit de +10.0 3 0.1%o. Cette relation peut s’écrire comme suit avec la
température en °C :

87Li (%o) = -0.043 + 0.003 T (°C) + 11.9 + 0.5

Au premier ordre, il semble donc que la composition isotopique du lithium soit un bon
traceur de la température d’interaction. En réalité, c’est l'inverse, puisque c’est la
température d’interaction qui est en fait préservée dans la signature isotopique du lithium
de 'eau.

Comme tous les systémes isotopiques stables, 'amplitude du fractionnement dépend de la
température, avec des plus grands fractionnements a basse température. Et donc la relation
observée dans la figure 35 est interprétée comme le résultats d’un fractionnement plus
important entre I’eau et la roche a plus basse température, alors que les 8’Li des fluides a
plus haute température se rapprochent de celui de la roche mére (qui est représentée
graphiquement sur la figure 35 par la valeur moyenne de la crolite continentale supérieure
d’aprés Teng et al., 2004 avec 8’Li = 0%o + 2 ; UCC : Upper Continental Crust). La dispersion
observée autour de la relation moyenne peut étre due soit a de faibles variations des
signatures des roches meéres soit éventuellement a des phénoménes de mélange/dilution en
surface, dont I'ampleur reste faible.

Un des résultats majeurs de ce travail a permis de montrer la pertinence de cet outil pour
I'’étude des eaux thermominérales. Nous verrons par la suite, dans |'étude des eaux
géothermales, qu’il est essentiel de tenir compte de la signature de la roche et donc de
considérer la différence entre I'eau et la roche (A eau - roche) €N ce qui concerne la thermo-
dépendance du fractionnement isotopique.

Pour conclure en ce qui concerne le lithium dans les eaux thermominérales, nous
retiendrons que :

= Les compositions isotopiques du lithium dans les eaux thermominérales sont tres
variables.

* La composition isotopique du lithium d’une eau (8’Li) est inversement corrélée a la
température profonde du réservoir.

= La thermo-dépendance du fractionnement isotopique du lithium doit étre
considérée entre l'eau et la roche a fois pour des systémes naturels et
expérimentaux afin de contraindre les parameétres de contréle. Ces objectifs sont
ceux des deux prochaines parties de ce manuscrit.
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4.4. Eaux géothermales (Millot et al., 2012° ; 2010°)

Dans cette partie, nous faisons la synthése de deux articles qui concernent des eaux
géothermales en contexte d’ile volcanique :

1- le premier concerne les eaux géothermales de la zone du volcan Taupo en Nouvelle
Zélande (Millot et al., 2012)

2- le second article concerne les eaux géothermales des Antilles: Guadeloupe et
Martinique (Millot et al., 2010b).

elle

4.4.1. Eaux géothermales de N" Zélande

Les eaux géothermales que nous avons étudiées (Millot et al., 2012) se situent dans la zone
volcanique de Taupo en N°'® Zélande (Figure 36).
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Figure 36 - Carte des champs géothermaux étudiés en N°" Zélande (Millot et al., 2012).

& Millot R., Hegan A., Négrel Ph. (2012) Geothermal waters from the Taupo Volcanic Zone, New Zealand: Li, B
and Sr isotopes characterization. Applied Geochemistry, 27: 677-688.

° Millot R., Scaillet B., Sanjuan B. (2010) Lithium isotopes in island arc geothermal systems: Guadeloupe,
Martinique (French West Indies) and experimental approach. Geochimica et Cosmochimica Acta, 74: 1852-
1871.
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Cette zone (TVZ: Taupo Volcanic Zone) est connue pour son activité volcanique et
géothermale avec des réservoirs dont la température se situe entre 250° et 320°C.

L’objectif de cette étude consistait a caractériser le ou les réservoirs de cette TVZ par la
mesure des isotopes du lithium dans les eaux géothermales des champs géothermaux de
Kawerau, Mokai, Ohaaki, Wairakei et Rotokawa.

La figure 37 présente les résultats de la composition isotopique du lithium (8’Li) en fonction
de la teneur en lithium.
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Figure 37 - Compositions isotopiques du lithium en fonction de la teneur en lithium dans les
eaux géothermales de la Taupo Volcanic Zone en N°" Zélande (Millot et al., 2012).

L’examen de cette figure montre bien que les 8’Li sont trés homogénes, ils varient de -0.5 a
+1.4%o. D’autre part, pour ces eaux, nous n’observons pas de relation directe entre le 8'Li et
la température du réservoir. Cette homogénéité des signatures isotopiques du lithium
montre que les fluides sont bien « mélangés » pour le lithium et que I'interaction entre une
eau météorique (pas d’influence marine ; Millot et al., 2012) et la roche magmatique en
profondeur est le principal facteur de contréle dans la composition isotopique du lithium.

4.4.2. Eaux géothermales des Antilles : Guadeloupe et Martinique

Les eaux géothermales que nous avons étudiées (Millot et al., 2010b) se situent au niveau de
I'arc volcanique des Antilles francaises. Dans ce manuscrit, nous nous focaliserons sur les
résultats obtenus sur les champs géothermaux de Bouillante en Guadeloupe et du Lamentin
en Martinique (Figure 38). Ces deux champs possédent des température assez contrastées
avec respectivement 90°-120°C pour le Lamentin et 250°-260°C pour Bouillante.
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Dans la figure 39, la composition isotopique du lithium est reportée en fonction du rapport
Li/Cl. Cette représentation permet une meilleure vision des eaux les plus riches en lithium
(ces eaux se situeront sur la partie droite du diagramme) et ces eaux riches en lithium sont
également les plus chaudes, il s’agit donc bien des échantillons d’intérét en géothermie.

Nous pouvons remarquer que les eaux qui définissent le réservoir profond de Bouillante et
du Lamentin sont bien situées a droite du diagramme (haut rapport Li/Cl) : ces réservoirs
sont définis par les eaux des forages profonds a Bouillante (BO-4, BO-5 et BO-6) et ceux des
forages Californie et Carrére au Lamentin. Ces deux réservoirs sont différents a la fois pour

les rapports isotopiques (8’Li) mais aussi pour les rapports chimiques Li/Cl.
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D’autre part, il est intéressant de confirmer, par les isotopes du lithium, le mélange gu’il
existe entre d’une part le réservoir profond et d’autre part I'eau de mer pour les différentes
sources thermales sous-marines de Bouillante (Figure 39).
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Figure 39 - Composition isotopique du lithium en fonction du rapport Li/Cl pour les eaux du
Lamentin et de Bouillante (Millot et al., 2010b).

Enfin, lorsque I'on compare les réservoirs profonds du Lamentin et de Bouillante, plus la
température est élevée, plus le §’Li est bas et plus le rapport Li/CL est important.

Pour contraindre les mécanismes d’interaction eau/roche en contexte volcanique (eau de
mer/basalte) et quantifier le fractionnement isotopique en fonction de la température, nous
avons réalisé une série d’expériences en laboratoire que nous détaillerons dans une derniére
partie.

elle

Pour conclure en ce qui concerne le lithium dans les eaux géothermales de N Zélande et

des Antilles, nous retiendrons que :

= Les compositions isotopiques du lithium dans les eaux géothermales de Nelle

Zélande sont trés homogeénes a I’échelle de la zone d’étude de la TVZ.
» Le &'Li et les teneurs en lithium d’une eau géothermale sont donc homogénes pour

un réservoir donné mais peuvent varier significativement en fonction du contexte
(assemblage minéralogique, profondeur mais également température).
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= (C'est cette thermo-dépendance du fractionnement isotopique du lithium entre
I'eau et la roche ainsi que les mécanismes associés qui représentent les objectifs
d’étude de la partie expérimentale.

4.5. Approche expérimentale (Millot et al., 2010")

Dans cette partie, nous faisons la synthese de I'article qui concerne les Antilles (Millot et al.,
2010b) en nous focalisant sur les résultats des expériences de laboratoire.

Dans le but de déterminer I'amplitude du fractionnement isotopique du lithium pendant une
interaction eau/roche et la variation en fonction de la température, nous avons réalisé une
série d’expériences en laboratoire. Ces expériences consistent a mesurer le fractionnement
isotopique du lithium entre une eau de mer et un basalte a différentes températures (25°,
75°, 200° et 250°C).

La roche choisie pour réaliser ces expériences est un basalte tholéitique du JGS (Japan
Geological Survey) : le basalte JB-2 dont la composition et la concentration en lithium sont
respectivement de 8’Li = +4.9%o et 7.78 ug/g (voir une compilation des données dans
Carignan et al., 2007). L’eau de mer choisie est le matériau de référence de I'l[RMM (Institute
for Reference Materials and Measurements) : le BCR-403 (8'Li = +31.0%0 + 0.5, Li = 0.18
mg/L, Millot et al., 2004).

Les expériences ont été menées avec un rapport eau/roche de 10 et une eau de mer diluée a
60% (avec de I'’eau ultrapure H,0 Milli-Q) dans le but de reproduire les conditions naturelles
qui prévalent dans le champ géothermal de Bouillante.

La durée de ces expériences est trés variable (Millot et al., 2010b), de quelques jours jusqu’a
plusieurs mois en fonction de la cinétique de réaction. La variation de la concentration et de
la composition isotopique du lithium ont donc été mesurées au cours du temps dans des
aliquotes d’une solution d’eau de mer ayant interagit avec un basalte a différentes
températures (25°, 75°, 200° et 250°C).

Deux types de dispositifs expérimentaux ont été utilisés :

1- pour les expériences a 25°, 75° et 200°C, nous avons utilisé des volumes importants :
5 a 10 mL de solution et 0.5 a 1 g de roche ont été placés dans des béchers fermés
dans une armoire thermo-statée et une étuve au BRGM (Figure 40)

2- pour les expériences a plus hautes températures (200° et 250°C), un tres faible
volume de solution (300 uL) et 30 mg de roche sont placés dans des capsules en or
qui seront ensuite chauffées et mises sous pression dans un autoclave dans les
laboratoires de I'ISTO (Figure 41).

1% Millot R., Scaillet B., Sanjuan B. (2010) Lithium isotopes in island arc geothermal systems: Guadeloupe,
Martinique (French West Indies) and experimental approach. Geochimica et Cosmochimica Acta, 74: 1852-
1871..
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> Dispositif expérimental (armoire thermo-statée et étuve)

T=25°& 75°C T=200°C

5 ml eau de mer

10 ml eau de mer
1 g JB2 basalte

500 mg basalte

Figure 40 - Dispositif expérimental pour les interactions a 25°, 75° et 200°C (BRGM).

T = 200-250°C
P =150 bar

Figure 41 - Dispositif expérimental pour les interactions a 200° et 250°C (ISTO).
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A la fin de chacune des expériences (25°, 75°, 200° et 250°C), la composition isotopique du
lithium est également mesurée dans la phase solide résiduelle, elle sera comparée a la
valeur obtenue dans I'eau également en fin d’expérience (aprés I'atteinte de I'équilibre)
8" Li eau - &'Li roche. La
variation du A avec la température correspond donc a la thermo-dépendance du
fractionnement isotopique du lithium.

pour déterminer le fractionnement entre I'eau et la roche : A cau - roche =

La variation au cours du temps de la composition isotopique et de la concentration du
lithium est reportée graphiquement dans la figure 42 avec les différentes températures
d’interaction.
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Figure 42 - Evolution temporelle de la composition isotopique et de la concentration en

lithium dans la solution a différentes températures (Millot et al., 2010b).

L’évolution temporelle de la composition isotopique et de la concentration en lithium dans
la solution a différentes températures (Figure 42) est riche d’enseignement a plusieurs

titres :

tout d’abord, en ce qui concerne les teneurs en lithium de I'eau, nous voyons
clairement qu’a partir d’une solution initiale a 100 pg/L, plus la réaction avance dans
le temps et plus la teneur augmente (ceci est vrai quelle que soit la température).
cette augmentation de la teneur en lithium dans I’eau est également vraie lorsque la
température augmente, ainsi la concentration atteint plus de 300 pg/L en fin
d’expérience a 250°C.

le résultat le plus important concerne I'évolution de la composition isotopique du
lithium, notamment le fait qu’a partir d’'une valeur initiale de +31%o (eau de mer), le
&’Li diminue trés significativement au cours du temps.

pour chacune des expériences, nous pouvons aussi noter que le &’Li diminue pour
atteindre une valeur plateau qui est d’autant plus basse que la température est
élevée.
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- pour chacune des expériences, nous pouvons définir une valeur d’équilibre (8’Li eq)
qui correspond a la valeur dans lI'eau en fin d’expérience, lorsque I'équilibre

isotopique a été atteint.

Ces variations dans le temps de la composition isotopique et de Ia

sont interprétées dans le schéma de la figure 43.
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Figure 43 - Schéma interprétatif de I’évolution temporelle de la composition isotopique et de
la concentration en lithium (Millot et al., 2010b).

Au cours de l'interaction eau/roche deux étapes successives peuvent étre identifiées :

1- lors de la premiere étape, il y a tout d’abord dissolution de la roche, ce qui entraine a
la fois une augmentation de la teneur en Li dans la solution mais aussi une diminution
du &’Li de la solution, puisque, rappelons-le, le 8’Li du basalte est plus bas (+4.9%o)
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que celui de I'eau de mer (+31%o). Cette premiere étape est plus ou moins courte en
fonction de la température de I'expérience.

2- Lors d’une seconde étape, des minéraux d’altération commencent a se former. Ainsi
le lithium et ses isotopes sont controlés par I'équilibre qui existe entre dissolution de
la roche et précipitation de minéraux secondaires d’altération.

Ces minéraux secondaires d’altération ont été caractérisés pour chacune des expériences
(pour chacune des températures) a la fois par TEM (microscope électronique a
transmission), par FTIR (infra rouge a transformée de Fourier) et par XRD (diffraction des
rayons X). Cette caractérisation minérale montre deux choses: tout d’abord, plus la
température est élevée et plus les minéraux d’altération sont importants (en quantité) ;
d’autre part, ces minéraux secondaires sont de type argileux et sont aussi différents selon la
température de I'expérience.

Lorsque I'on reporte la différence entre la solution (8L eq) €t la roche résiduelle (8"Li roche) 3
la fin de I'expérience (A cau - roche = &'Li eay - O'Li roche), €n fonction de l'inverse de la
température (1/T, Kelvin), nous obtenons la corrélation de la figure 44 qui illustre bien la
thermo-dépendance du fractionnement isotopique du lithium.
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Figure 44 - Fractionnement isotopique du lithium entre I’eau et la roche en fonction de
I‘inverse de la température (Millot et al., 2010b).
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Pour conclure en ce qui concerne I’approche expérimentale, nous retiendrons que :

= Les expériences d’interaction basalte/eau de mer ont permis d’établir une loi de
thermo-dépendance pour le fractionnement isotopique du lithium entre I'eau et la
roche, qui peut s’écrire avec I’équation suivante :

A solution — solide = 7847 / T-8.093

= Les fractionnements eau/roche diminuent de +20%o a +7%o lorsque la température
augmente de 25° a 250°C.

= Les mécanismes mis en jeu et qui contrdlent ce fractionnement sont des équilibres
entre dissolution de minéraux primaires et formation de minéraux secondaires.

= Ces minéraux secondaires dépendent des conditions de formation, notamment en
terme de température.
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5. Conclusions et perspectives

Avant de conclure, nous pouvons rappeler I’objectif principal de ce manuscrit qui est résumé
dans la figure ci-dessous: a la suite de développements analytiques, I'objectif de ce
manuscrit était d’illustrer l'utilisation des isotopes du lithium en géochimie au travers
d’exemples applicatifs dans le domaine des interactions eau/roche a basse et haute
température.

+40%0 —

eaux géothermales

fleuves

Figure 45 - Schéma qui rappelle les objectifs de ce travail.

Les principales conclusions de ce travail sont les suivantes :

e La méthode de mesure des isotopes du lithium avec le Neptune MC-ICP-MS est
relativement rapide et trés sensible. Cette mesure requiert une bonne validation de
I'ensemble de la chaine analytique. Au préalable a la mesure, une étape de
purification du lithium est nécessaire. Lors de cette étape, il faut s’assurer du
rendement de 100%, de l'absence de fractionnement et de I'absence de
contamination éventuelle.
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Le protocole a été validé par la mesure répétée sur le long terme de différentes
solutions standards et de matériaux de référence. Il est important de souligner que la
reproductibilité externe de notre protocole pour la mesure isotopique du lithium
d’échantillons naturels aprées purification est de + 0.5%. (2G).

e La distribution du lithium et de ses isotopes dans les eaux de pluies est trés variable
au niveau spatio-temporel. L'effet de saisonnalité (quantité de pluie) n’est pas le
facteur dominant de contrdle mais I'effet de continentalité (distance par rapport a
I'océan) est treés important puisqu’il détermine la contribution marine de la pluie.
L'un des résultats importants de cette étude est que majoritairement le lithium des
pluies n’a pas une origine marine. Les autres sources doivent donc étre prises en
compte, qu’il s’agisse de particules continentales ayant interagit avec les molécules
d’eau dans I'atmospheére ou bien les apports anthropiques liés aux activités agricoles.

e La distribution du lithium et de ses isotopes dans les fleuves est également trés

variable. Le lithium dans les eaux de rivieres provient quasi exclusivement de
I'altération des roches silicatées. La composition isotopique des eaux est
systématiquement plus élevée (enrichie en ’Li) que celle des roches méres et des
matiéres en suspension.
Les compositions isotopiques du lithium dans les eaux des rivieres sont donc un bon
traceur du régime d’altération qui est contrélé par la balance entre la dissolution des
minéraux primaires et la précipitation des minéraux secondaires qui fractionnent les
rapports isotopiques des eaux en incorporant préférentiellement du oLi.

e Les compositions isotopiques du lithium dans les eaux thermominérales présentent
aussi de grandes variations et le &’Li d’'une eau est inversement corrélé a la
température profonde du réservoir en premiére approximation. Toutefois, la
thermo-dépendance du fractionnement isotopique du lithium doit étre considérée
entre I'eau et la roche, a fois pour des systémes naturels et expérimentaux. Ainsi, les
expériences d’interaction basalte/eau de mer ont permis d’établir une loi de thermo-
dépendance pour le fractionnement isotopique du lithium entre I'eau et la roche, qui
peut s’écrire avec I’équation suivante :

A solution —solide = 7847 / T-8.093

Les mécanismes qui contrdlent ce fractionnement sont des équilibres entre
dissolution de minéraux primaires et formation de minéraux secondaires. Ces
minéraux secondaires dépendent des conditions de formation a différentes
températures.

Le fractionnement des isotopes du lithium dans les hydrosystemes dépend donc de
I'intensité des interactions eau/roche a la fois en terme de température dans les systémes
géothermaux et du régime d’altération pour les eaux de surface. Le mécanisme commun
de controle est I'équilibre entre dissolution de minéraux primaires et formation de
minéraux secondaires.
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A ce jour, trois directions principales sont envisagées en ce qui concerne les perspectives de
recherches a court et moyen terme. Ces trois directions de recherches sont a la fois
complémentaires et permettent d’appréhender les processus, les milieux et les systémes
géochimiques a différentes échelles.

1-

Le premier axe concerne les isotopes du lithium mais a I’échelle micrométrique par
I'analyse in situ. En effet, dans la cadre d’un projet de développement du BRGM,
nous avons pu brievement tester la faisabilité d’un couplage entre I'ablation laser
(213 nm) et la mesure par MC-ICP-MS Neptune.

Il est évident que cette perspective ouvre un champ important de recherche sur la
compréhension fine des processus de controle des fractionnements des isotopes du
lithium a I’échelle du minéral (résolution de 100 um avec I’ablation laser).

Cet outil peut étre essentiel dans la compréhension des systéemes géothermaux
notamment en ce qui concerne la distribution du lithium entre le fluide et les
minéraux secondaires d’altération. Mais c’est aussi un outil a fort potentiel dans
I'aide a la gestion des ressources minérales, notamment en ce qui concerne la
caractérisation des roches et des dépots sédimentaires porteurs de métaux rares
comme le lithium.

Le second axe de recherche concerne également les isotopes du lithium mais
I'objectif viserait a identifier les différentes sources anthropiques du lithium dans
I’environnement a I'aide du tragage isotopique.

En effet, nous avons pu voir dans ce manuscrit que les apports agricoles liés aux
engrais pouvaient étre identifiés dans les eaux de pluies par leurs signatures
isotopiques. Nous proposons ici d’identifier les autres sources potentielles de
pollution en lithium dans I'environnement. Il s’agit par exemple du lithium qui
pourrait provenir des décharges de matériel informatique ou de téléphonie mobile
(les batteries au lithium en particulier) ou bien encore du lithium provenant des
médicaments. En effet, il a été montré trés récemment que l'utilisation du lithium
dans certains traitements thérapeutiques était en nette augmentation. Ce lithium
prescrit dans le traitement de troubles bipolaires est du carbonate de lithium, et du
fait de sa forte solubilité, le lithium se retrouve dans les effluents des usines de
traitement des eaux usées.

Enfin, le troisieme axe de recherche consisterait en une mise ceuvre de plusieurs
systématiques isotopiques pour I'étude et la compréhension des éléments
métalliques dans l'environnement. En effet, pour puissant qu’il soit, le tracage
isotopique d’un élément unique n’apporte des informations que sur les sources et/ou
les processus affectant ou ayant affecté cet élément. A l'inverse, I'approche multi-
isotopique intégrant I'analyse conjointe de plusieurs systémes isotopiques sur un
objet géochimique porte un potentiel beaucoup plus important, notamment pour les
études dont I'objectif est de caractériser I'origine et le transfert de ces éléments
entre les différents réservoirs géochimiques.

Alors que certains éléments sont d’excellents traceurs de source (isotopes du Sr, du
Pb, du Nd), d’autres éléments sont des traceurs de processus chimiques (isotopes du
Li, du B, du Ca), des réactions d’oxydo-réduction (isotopes du Cr, du Se) ou encore
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des géo-chronométres (datations U/Pb, U/Th). Il apparait donc essentiel de croiser
ces outils pour une meilleure approche des objets que I'on souhaite étudier. C'est
dans le domaine des ressources minérales métalliques et du transfert des métaux
dans l'environnement que ce couplage de méthodes isotopiques serait a méme
d’apporter des réponses quant a lorigine des métaux (gitologie, genése des
minéralisations) puis le transfert dans I’environnement (origine géogénique ou
anthropique, facteurs de controle).
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We report here a newly developed method for
measurement of Li isotopes by use of multi-collector
ICP-MS (Neptune) allowing rapid and high
precision determination of Li isotope ratios at low
levels of lithium (15-20 ng). The lithium reference
sample solution IRMM-016 was analysed over

a period of ten months with an external
reproducibility of 0.24%o (2s, n = 52). Chemical
separation of Li from matrix was performed on the
seawater sample IRMM BCR-403, for which a mean
87Li value of + 31.0 = 0.1%0 (2s/Vn, n = 31) was
obtained. This mean value is in good agreement
with those previously published for other seawater
samples. BCR-403 seawater being readily
available, we propose that this seawater sample

be used as a reference sample for Li isotope
measurements.

Keywords: lithium isotopes, standard solution,
MC-ICP-MS, IRMM-016, seawater, IRMM BCR-403.

Nous présentons ici une nouvelle méthode pour la
mesure des isotopes du lithium par ICP-MS & multi-
collection (Neptune) permettant 'analyse rapide et
trés précise des rapports isotopiques du Li & faible
teneur (15-20 ng). La solution échantillon de
référence IRMM-016 en lithium a été analysée sur
une période de 10 mois avec une reproductibilité
externe de 0.24%o (2s, n = 52). La séparation
chimique du Li de sa matrice a été réalisée pour un
échantillon d’eau de mer (IRMM, BCR-403), pour
lequel nous obtenons une valeur moyenne de §7Li
=+ 31.0= 0.1%0 (2s/Vn, n = 31). Cette valeur
moyenne est en bon accord avec celles publiées
dans la littérature pour d’autres échantillons d’eau
de mer. 'eau de mer BCR-403 étant facilement
disponible, nous proposons que cet échantillon
d’eau de mer soit utilisé comme un échantillon de
référence pour la mesure des isotopes du lithium.

Mots-clés : isotopes lithium,
solution échantillon de référence, MC-ICP-MS,
IRMM-016, eau de mer, IRMM BCR-403.

In a similar manner to other low atomic number
(“light”) elements, the isotopic composition of lithium is
usually expressed as delta units calculated from isoto-
pic ratios relative to the composition of a specified
reference sample. Over the last few decades, authors
have frequently reported 86Li values based on 6Li/7Li
ratios. However, 87Li values have been also reported in
the literature and it has been recently agreed by the
isotope geoscience community that the 87Li notation
would be preferentially reported (Coplen 1996,
Carignan et al. 2004). 87Li is defined as the deviation
in parts per thousand relative to the L-SVEC certified

reference material as follows:

i

8l (%o) = | 2™ 11410 (1)
(g
&k

The LSVEC reference material (Flesch et al. 1973) is
a pure lithium carbonate originally prepared by NIST
as a fine powder (SRM 8545), with an assigned §7Li
value of 0%. The IRMM-016 lithium carbonate is also
available as a fine powder from the Institute of

L-SVEC

Reference Materials and Measurements (Geel,

Belgium) and is isotopically identical to L-SVEC within
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analytical uncertainty (Lamberty et al 1987, Grégoire
et al. 1996, Qi et al 1997). Aside from L-SVEC and
IRMM-016 (both with 87Li = 0%o), no other reference
samples for Li isotopes are available to date, although
a strong need exists for reference materials with 87Li
values away from Q%o in order to validate analytical
methods. Seawater (87Li ~ + 31%o) has been conside-
red by many authors as a natural secondary standard
and the Li isotope composition of seawater has
been frequently reported in the literature (see James
and Palmer 2000, Nishio and Nakai 2002 for data
compilations). However, no single seawater sample
has been adopted throughout the Li isotope communi-

ty as a reference sample.

Accurate measurement of Li isotopic compositions in
geological materials is of great interest in the Earth
Sciences. Because of their large mass difference, the
two naturally occurring isotopes of lithium (6Li ~ 7.5%
and 7Li ~ 92.5%) have the potential to fractionate
significantly during natural processes. This is illustrated
by the wide range of Li isotopic compositions for geolo-
gical materials covering 60%o delta units (see data
compilation by Coplen et al. 2002). Over the last
decades, lithium isotope compositions have been mea-
sured with a variable degree of accuracy and precision
by different techniques. The first precise Li isotope mea-
surements were performed in the late 1980s by thermal
jonisation mass spectrometry (TIMS) at the microgram
level (Chan 1987, Xico and Beary 1989) using the Li
tetraborate form for ionisation. Later, phosphoric acid
was used as an activator, requiring smaller quantities
of Li (100 ng to 1 ug) and yielding an external repro-
ducibility of between 0.7 and 1.5%0 (2s) for highly
purified samples (You and Chan 1996, Moriguti and
Nakamura 1998, James and Palmer 2000).

The use of ICP-MS techniques represents a good
alternative to TIMS. The high sensitivity of the quadru-
pole ICP-MS allows measurement of Li isotopes with an
external reproducibility of 1.5-2.0%o (25s) on quantities as
low as 5 to 10 ng Li (Grégoire et al 1996, Kosler et al.
2001). Recently, the use of multi-collector ICP-MS was
shown to provide the most rapid and precise measure-
ments of Li isotopes (about 0.5-1%0 at 2s; Tomascak et
al 1999, Nishio and Nakai 2002, Bryant et al. 2003).
To date, the MC-ICP-MS approach combines advan-
tages that no other technique can match in terms
of accuracy, reproducibility, sensitivity and analysis
throughput. This paper focuses on a newly developed
methodology for high precision measurement of lithium
isotope composition by use of the Neptune MC-ICP-MS.

All uncertainties reported in this paper, either deri-
ved from data acquired in this study or from literature
data are given at the 2s level, where s represents the
standard deviation. External reproducibility is given by
the mean = 2s and the number of analyses (n) used in
the calculations of the standard deviation of the mean
(2s,, = 2s/Vn) is systematically specified (Goldstein et
al. 2003).

Instrument operating conditions

Measurement of lithium isotopes was performed at
the Isotope Geochemistry Unit of the BRGM using the
double focusing MC-ICP-MS manufactured by
ThermoElectron (formerly ThermoFinnigan). The
Neptune is an MC-ICP-MS of the third generation allo-
wing simultaneous measurement of 6Li* and 7Li* by use
of the movable low mass and high mass Faraday cups.
Indeed, the maximum adjustable distance between the
outermost cup positions corresponds to a relative mass
range of 17% (16.7% is needed for 6Li and 7Li). The
Neptune provided excellent short-term and long-term
stability of both signal intensity and mass bias.
Measurements were performed under “hot” plasma
conditions, with the plasma torch operating typically at
1200 W. Sensitivity varies for different sample introduc-
tion systems as outlined by Bouman et al (2002). In
our study, the ThermoElectron stable introduction system
(SIS) was used. It consisted of a quartz dual spray
chamber with a low-flow PFA microconcentric nebuliser.
With this introduction system (wet plasma) and using
the “X” cones (a recent development in the geometry of
the skimmer cone), a mean 7Li signal of about 50-60 V
per ug g'! was routinely obtained. This sensitivity is
5-10 times better than those reported for Micromass-
IsoProbe (Nishio and Nakai 2002) and VG Plasma
54-30 (Tomascak et al. 1999) instruments using dry
plasma conditions, but is similar to the sensitivity
obtained with a Nu-Instruments MC-ICP-MS used in
conjunction with a Cetac Aridus desolvating nebuliser
system (dry plasma conditions) at the Open University.
In addition, the sensitivity obtained with the Neptune
MC-ICP-MS at the BRGM s significantly better than the
sensitivity reported by Bryant et al. (2003), using a
Neptune MC-ICP-MS under variable plasma conditions.

At the beginning of each analytical session, a pure
Li standard solution was run to determine the most effi-
cient instrumental settings. Once adjusted, settings
were kept throughout the session. Gas flow rates, torch
position, ion lens settings and electrostatic sector para-

meters (ESA) were adjusted to optimise signal intensity
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and stability, and peak shape for both isotopes. In
order to minimise drift of instrumental mass bias and to
improve beam stability, a 4-5 hours warm-up period
was allowed for the plasma to stabilise, during which
a blank solution (3% v/v HNO3) was run through the
nebuliser.

Lithium isotope measurement

Analyses were performed on 3% v/v HNO; solu-
tions with Li concentrations of 30 ng ml-! typically yiel-
ding a current intensity of 1.5 to 2 x 10-1" A for the 7Li
ion (using 1011 Q resistors). Total duration of data
acquisition did not exceed 5-6 min, including sample
uptake and peak centring. The analytical protocol
involved the acquisition of 15 ratios with 16 s integra-
tion time per ratio, and yielded in-run precisions of
better than 0.2%o (2s,,). The sample introduction rate
was about 80-100 ul min-! and the total volume of
sample used for each measurement was less than
500-600 ul, corresponding to about 15-20 ng of Li
(for a sample solution at 30 ng ml-1).

Instrumental mass fractionation produced by the
plasma source is large, especially for low relative ato-
mic mass ions (about 25% for lithium isotopes), but
can be precisely corrected for by reference sample
bracketing. The following analysis sequence was used:
Blank1, L.SVEC]I, Blank?2, Somp|e1, Blank3, L.SVEC?2,
efc.. For n samples, there were n+1 measurements on
L-SVEC reference solutions (Tomascak et al 1999). In
this way, samples were bracketed by L-SVEC reference
analyses in order to correct isotopic compositions for
instrumental mass fractionation. The measured 7Li/6Li
ratio of a sample was normalised to the mean 7Li/6Li
ratio of the two L-SVEC reference samples run imme-
diately before and after the sample. Over the duration
of a typical analysis sequence (about 20 hours), varia-
tion in mass bias remained small (~ 2-4%o total
rcmge). On the short-term (i.e. 30 min, which is a more
relevant timing considering we used the reference
sample bracketing approach), mass bias stability was
better than 0.1%0 and represents a significant improve-
ment relative to other MC-ICP-MS instruments.

In addition, during a sequence of analyses, blanks
were measured before and after each unknown and
reference sample for background correction (including
the contribution from the introduction medium, 3% v/v
HNO,). Blank values were low, typically 3-4 mV for the
7Li (i.e. 0.2%), and 5 minutes wash time was enough to
reach a stable background value. Because blanks

N
NIDARDS and

were very stable and with no memory effect recorded
at all throughout an analysis sequence, the back-
ground correction applied to unknown and reference
samples was done using the average value of the two
bracketing blanks.

Accuracy and long-term reproducibility

Accuracy and long-term reproducibility were tested
by repeated measurements of the pure Li reference
material solution IRMM-016 and the IRMM BCR-403
seawater sample (after chemical separation of Li from
the matrix).

IRMM-016

A total of fifty-two analyses (Figure 1) of the IRMM-
016 reference material solution were performed over a
period of 10 months, yielding a mean §7Li value of +
0.20%o0 with an external reproducibility of 0.24%o (2,
n = 52). This mean 87Li value is consistent with values
reported in the literature, i.e. + 0.1 = 0.4%0 (25, n = 60,
McDonough et al 2002) and + 0.15 = 1.0%0 (2s, n =

o

| P

87Li (%o)

IRMM-016 direct

IRMM-016 after column chemistry
Mean value this study (n = 52)
McDonough et al. (2002) (n = 60)
Zack et al. (2003) (n = 15)

2 1 | 1 | 1 |

O>be»n

Figure 1. Long-term IRMM-016 analysis performed by
Neptune MC-ICP-MS (black symbols). Black squares
correspond to direct analyses (n = 47) and black triangles
to analyses after processing through cation exchange resin
(n = 5). These data show that our protocol yielded no
isotope fractionation. Black circle corresponds to the mean
of our analyses i.e. + 0.20 + 0.24%. (2s, n = 52). Two others
mean values are shown for comparison, respectively from
McDonough et al. (2002) (open triangle, n = 60) and from
Zack et al. (2003) (open square, n = 15).
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15, Zack et al. 2003). This result also demonstrates
that, within analytical uncertainty, the IRMM-016
reference sample is indeed isotopically identical to the
L-SVEC reference used for normalisation, as indicated
by Lamberty et al (1987), Grégoire et al. (1996) and
Qi et al (1997).

Seawater BCR-403

The accuracy and reproducibility of the analytical
method were also tested through long-term repeated
measurements of seawater. The Li isotope composition
of seawater has been reported in a number of studies
(see above) and the choice of seawater as a natural
Li isotopic reference sample can be explained by
summarising several advantages: (1) the seawater
sample is readily available to everyone, (2) lithium is
a conservative element in seawater (Stoffyn-Egli and
Mackenzie 1984), the residence time of Li in seawater
is about 1 Ma and it is assumed that the ocean is
isotopically homogeneous (Chan and Edmond 1988),
(3) many geochemical studies dealing with seawa-
ter/basalt interactions are available in which many Li
isotope analyses of seawater are reported, (4) the
seawater Li isotope composition is very different from
that of the L-.SVEC reference sample (~ + 31%o) and
has been frequently used to validate analytical
methods, (5) Li concentration in seawater being relati-
vely high (~ 185 ug 1), there is no need to process
large volumes of sample even if using low sensitivity
techniques, (6) Li in seawater is present in a dissolved
form (Li*), so there is no requirement for preliminary
sample preparation before Li purification, in contrast
with sediments and rocks (which require sample
dissolution).

However, it is important to point out that using
seawater as a natural reference material also presents
one major disadvantage. As already mentioned, MC-
ICP-MS and TIMS analyses of seawater require purifi-
cation of Li. It has been shown that achieving a 100%
recovery yield of Li during the purification protocol is
very critical because significant isotopic fractionation
occurs during the cation exchange process (Moriguti
and Nakamura 1998, Kosler et al. 2001, Chan et al.
2002, Pistiner and Henderson 2003, Nishio et al.
2004). Consequently, when comparing Li isotope
compositions of seawater measured with different
techniques or by different laboratories, not only the
accuracy of the analytical technique is evaluated but
also the quality of the purification method in terms of
reproducibility and recovery yield.

We decided to perform repeated analyses of a
commercially available seawater sample, ie., IRMM
BCR-403. The Li isotope composition was determined
after Li purification from the matrix for a set of thirty-
one individual aliquots of BCR-403 (i.e. thirty-one puri-
fications of individual samples) according to a method
modified from that of James and Palmer (2000).
Results are given in Table 1. BCR-403 seawater
yielded a mean 87Li value of + 31.0 = 0.1%0 (2s/Vn,
n = 31) for 30 ng g Li aliquots measured at the
BRGM, corresponding to an external reproducibility of
0.5%0 (2s). Another seawater sample was analysed at
the Open University with a Nu-Instruments MC-ICP-MS,
and aliquots of 5-30 ng g1 level yielded a mean
value of + 31.2 + 0.3%0 (2s/vn, n = 28). The external
reproducibility was 1.8%o (2s), similar to the reproduci-
bility found by Tomascak et al (1999), but significantly
higher than the external reproducibility obtained with

Table 1.
Reproducibility of Li isotope
composition of IRMM BCR-403 seawater

Seawater S7Li (%o) 2s,,
+ 31.3 0.1
+ 31.0 0.2
+ 30.8 0.2
+ 30.9 0.2
+ 31.1 0.1
+ 31.1 0.1
+ 30.9 0.1
+ 30.6 0.1
+ 31.2 0.1
+ 30.9 0.1
+ 314 0.1
+ 30.9 0.1
+ 314 0.2
+ 30.7 0.2
+ 31.0 0.2
+ 31.2 0.2
+ 31.3 0.2
+ 31.3 0.1
+ 31.0 0.1
+ 31.0 0.1
+ 31.1 0.1
+ 30.9 0.1
+ 30.8 0.1
+ 30.6 0.1
+ 30.9 0.2
+ 30.6 0.1
+ 30.6 0.1
+ 31.1 0.2
+ 30.8 0.1
+ 31.0 0.1
+ 30.9 0.2

Mean + 31.0 + 0.1
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Analytical uncertainty for each determination is given by 2s,, and

standard deviation of the mean is given by 2s/Vn, n = 31.
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Figure 2. Comparison of 87Li values
for seawater. In-run errors correspond
to 2s external reproducibility for data
reported by Tomascak et al. (1999)
and Nishio and Nakai (2002). Error

bars for measurements of Moriguti
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P converted from published 56Li data.
Data from Bryant et al. (2003) are
not shown because they do not report
individual measurements but only

mean values (see Table 2).
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the Neptune. This difference is not explained by the
chemical purification step used before analyses,
because the same protocol was used in both laborato-
ries, but rather comes from the mass analysis itself. The
two mass spectrometers used at the Open University
and BRGM present different levels of instrumental
mass bias stability during data acquisition, perhaps
due to the use (for sensitivity purposes at low levels) of
a Cetac Aridus desolvating nebuliser with the Nu-
Instruments ICP-MS at the Open University. Mass bias
stability was about 0.6%o hr! for the Nu Plasma
during a typical analysis sequence, whereas it was
usually less than 0.2%0 hr! for the Neptune. It is
obvious that instabilities in instrumental mass bias,
even if small, can produce worse reproducibility in
lithium isotopic measurements. For example, Tomascak
et al (1999) report that 7Li/6Li ratio of the reference
samples varies over time up to 60%0 over 12 hours
(5%0 hr1). The reproducibility for seawater analyses
was about 1.9%o (2s) in this study. Mass bias stability
of the instrument is clearly a key parameter for achie-
ving very low reproducibilities (< 0.5%o at 2s).

The mean §7Li value of seawater obtained here is
in good agreement with data previously reported
(Figure 2). The external reproducibility determined on
the thirty-one replicates was 0.5%o at the 2s level for
the Neptune MC-ICP-MS and is consistent with that of
Bryant et al. (2003) who report a similar reproducibi-
lity. This represents a significant improvement compared
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to reproducibilities reported by other MC-ICP-MS and
TIMS laboratories (Table 2). Considering all data
plotted in Figure 2, we observe that 87Li values for
seawater range from + 28.9 to + 33.9%o, covering 5
delta units, with a mean value of + 31.3 = 0.6%o
(2s/Vn, n = 102). No systematic discrepancy is obser-
ved as a function of technique (TIMS or MC-ICP-MS,
Table 2). This wide range in 87Li values of seawater
(Figure 2) may be attributed to (1) poor reproducibility
of analytical procedures for Li purification, or (2) isoto-
pic heterogeneity of the seawater and/or the L-SVEC
reference sample. In agreement with Tomascak (2003)
and Nishio et al (2004), our own tests (Millot et al.
2004) indicate that improper separation of Li from the
geochemical matrix generates very significant fractio-
nation of Li isotopes and, hence, poor reproducibility.
To some extent, this is illustrated in the data reporfed
here, as the 2s external reproducibility for seawater
samples is twice as great as the reproducibility of pure
Li reference sample solutions. Therefore, it is clear that
quality of Li purification prior to analysis is a critical
factor in obtaining good reproducibility (i.e. below
0.5%o, 2s). Isotopic heterogeneity of the L-SVEC reference
sample is unlikely because, to our knowledge, informal
checks conducted to date tend to point towards a
good isotopic homogeneity of all -SVEC aliquots.
Regarding seawater, it is generally considered that
ocean water would not display isotopic heterogeneity
greater than about 0.5%0 world-wide. However, the
isotopic homogeneity of ocean water samples used by
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Table 2.

Comparison of 87Li values for seawater obtained by different techniques in different laboratories

Reference Analytical method Li amount required | 87Li (%o) 2s n 2s/Vn
Chan (1987) TIMS / Li,B,0, 3.5 ug +333 | 12 5 0.5
You and Chan (1996) TIMS / LizPO, 100 ng +32.4 2.6 6 1.1
Moriguti and Nakamura (1998) | TIMS / LisPO, 100 ng +30.0 0.7 5 0.3
James and Palmer (2000) TIMS / LizPO, 100 ng +32.5 1.6 7 0.6
Tomascak et al. (1999) MC-ICP-MS / Plasma 54 40 ng +31.8 1.9 15 0.5
Nishio and Nakai (2002) MC-ICP-MS / IsoProbe 45 ng +29.3 0.9 3 0.5
Pistiner and Henderson (2003) | MC-ICP-MS / Nu Plasma 15 ng +29.6 0.4-0.9 2 0.3-0.6
Bryant et al. (2003) MC-ICP-MS / Neptune 1200W 40 ng +32.0 0.2 3 0.1
Bryant et al. (2003) MC-ICP-MS / Neptune 800 W 30-35¢g + 30.4 0.9 11 0.3
Bryant et al. (2003) MC-ICP-MS / Neptune 680 W 25 ng +30.7 0.4 4 0.2
this study (Open University) MC-ICP-MS / Nu Plasma 3-15 ng +31.2 1.8 28 0.3
this study (BRGM) MC-ICP-MS / Neptune 1200W 15-20 ng +31.0 0.5 31 0.1

Mean values are reported with external reproducibilities in 2s (standard deviation) and the number of measurements (n). 2s uncertainty for

data from Pistiner and Henderson (2003) corresponds to external reproducibility based on repeated measurements of Li reference samples.
Data from Bryant et al. (2003) include measurements performed under “hot” (1200 W) and cooler (800 and 680 W) plasma conditions.

different groups has not been demonstrated and
requires further work. Based on present work, we there-
fore propose that IRMM BCR-403 be used as the
natural seawater reference sample of preference for
lithium isotope measurements, in order that systematic
comparisons between laboratories are based on use
of the same sample. We propose a mean &7Li value
of + 310 = 0.1%0 (2s/Yn, n =
seawater.

31) for this reference

Conclusions

We carried out long-term measurements of
lithium isotopes on a Neptune MC-ICP-MS for two
reference materials, the Li carbonate IRMM-016 and
the seawater IRMM BCR- 403, in order to evaluate
the accuracy and reproducibility of our analytical
method. The pure Li reference sample solution
IRMM-016 vyielded a mean &7Li value of + 0.20%0
with an external reproducibility of 0.24%0 (25, n =
52) over a period of 10 months. The IRMM BCR-403
reference seawater gave a mean 87Li value of +
310 = 0.1%0 (2s/Vn, n =
external reproducibility of 0.5%0 (2s). We propose
that the IRMM BCR-403 seawater be adopted by
the Li isotope research community as a natural Li

31) corresponding to an

reference sample, following appropriate purification
of Li by ion exchange separation techniques. The
need for additional reference materials with Li isoto-
pic compositions significantly different from 0% and
not requiring Li purification still remains an important

priority.
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In the present work, the first results are reported for both Li and B isotope ratios in rainwater samples
collected over a long time period (i.e. monthly rainfall events over 1 a) at a national scale (from coastal
and inland locations). In addition, the stable isotopes of the water molecule (8D and §'%0) are also
reported here for the same locations so that the Li and B isotope data can be discussed in the same con-
text. The range of Li and B isotopic variations in these rainwaters were measured to enable the determi-
nation of the origin of these elements in rainwaters and the characterization of both the seasonal and
spatio-temporal effects for 8’Li and 8''B signatures in rainwaters. Lithium and B concentrations are
low in rainwater samples, ranging from 0.004 to 0.292 pmol/L and from 0.029 to 6.184 pmol/L, respec-
tively. 8’Li and &''B values in rainwaters also show a great range of variation between +3.2%. and
+95.6%0 and between —3.3%0 and +40.6%o. over a period of 1 a, respectively, clearly different from the sig-
nature of seawater. Seasonal effects (i.e. rainfall amount and month) are not the main factors controlling
element concentrations and isotopic variations. 8’Li and 8''B values in rainwaters are clearly different
from one site to another, indicating the variable contribution of sea salts in the rainwater depending
on the sampling site (coastal vs. inland: also called the distance-from-the-coast-effect). This is well illus-
trated when wind direction data (origin of air masses) is included. It was found that seawater is not the
main supplier of dissolved atmospheric Li and B, and non-sea-salt sources (i.e. crustal, anthropogenic,
biogenic) should also be taken into account when Li and B isotopes are considered in hydrogeochemistry
as an input to surface waters and groundwater bodies as recharge. In parallel, the isotopic variations of
the water molecule, vector of the dissolved B and Li, are also investigated and reported as a contour map
for 8'%0 values based on compiled data including more than 400 §'80 values from throughout France.
This 5'80 map could be used as a reference for future studies dealing with 880 recharge signature in rela-
tion to the characterization of surface waters and/or groundwater bodies.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Atmospheric aerosols including sea salts, crustal dusts, biogenic
materials and anthropogenic emissions are the main sources of
chemical elements in rainwaters (Junge, 1963). The determination
of the chemical composition of rainwater provides an understand-
ing of the source types that contribute to rainwater chemistry and
enhances understanding of the dispersion of elements, whether
pollutants or not, and their potential impact on hydrosystems
through precipitation and wet deposition processes (Berner and
Berner, 1987).

In this study the first results are presented for both Li and B iso-
tope ratios in rainwater samples collected over a long time period
(i.e. monthly rainfall events over 1 a, Négrel et al., 2007) at a na-
tional scale in France (Brest, Dax, Orléans and Clermont-Ferrand,

* Corresponding author. Tel.: +33 2 38 64 48 32; fax: +33 2 38 64 37 11.
E-mail address: r.millot@brgm.fr (R. Millot).

0883-2927/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apgeochem.2010.08.002

Fig. 1). In addition, the stable isotopes of the water molecule (8D
and 5'80) are also reported here for the same locations (Brest,
Dax and Orléans) so that the Li and B isotope can be discussed in
the same context and to provide a framework for the main pro-
cesses affecting the isotope signatures of the rainwater.

The main processes controlling the §'80 and 8D isotopic signa-
tures in precipitations were summarized by Rozanski et al. (1993):
i.e. the rainfall amount, continental and altitude effects and the ori-
gins of air masses. The morphology of France is complex with the
Massif Central in the centre, the Alps to the East and the Pyrénées
to the South, together with the influences of both the Atlantic
Ocean and the Mediterranean Sea, which have very different
characteristics, as evidenced by Celle-Jeanton et al. (2001) and
Ladouche et al. (2009). It is, therefore, of primary importance to
constrain the signature of the atmospheric signal in different
geographical and geomorphological contexts by means of a rain-
fall-monitoring network. Since rainwater is the main input in
hydrogeological systems, monitoring the H-O-Li-B isotopic
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Fig. 1. Map of the rainwater sampling sites for Li and B isotopes (Brest, Dax, Orléans and Clermont-Ferrand). Graphs show the monthly mean rainfall amount (mm) at each site (modified from Négrel et al. (2007)). Long-term
monitoring stations for H and O isotopes of the water molecule, at Thonon and Avignon, are also shown on this map. Windroses are also reported in this figure for the Brest, Orléans, Dax and Clermont-Ferrand sampling stations

Within the map different symbols are used for the stations used in the different samplings (five stations in total for water isotopes, four stations for 8’Li and 8''B, though three stations in common). Isotopes monitored at each site
are given below the name of the station.

pZSI-01SI (010Z) ST Ausnuayr0aD payddy /v 12 0[N “d

L1S1



1512 R. Millot et al./Applied Geochemistry 25 (2010) 1510-1524

compositions of rainwater at the national scale should enable com-
pilation of a reference system of meteoric isotopic signatures for all
of France, as an addition to the Sr isotope data previously reported
by Négrel et al. (2007).

The recent development of new isotopic techniques (e.g. for
8’Li, 8''B) to investigate aquifer systems has highlighted the gap
in knowledge of the atmospheric inputs that are the major contrib-
utor to groundwater recharge (Widory et al., 2005; Millot et al.,
2007). In this context, knowledge of the spatial and temporal var-
iability of the isotopic compositions of rainwater appears to be
essential for hydrogeological investigations and also for sustain-
able water management.

This paper presents, firstly, the H and O isotope data from the
French Isotopic Data Base (BDISO, 2007), in the form of a contour
map linked to data from neighbouring countries and, secondly, B
and Li isotopic data on selected samples from this French monitor-
ing network, part of the international database of the Global Net-
work of Isotopes in Precipitation (GNIP, 2007) managed by the
International Agency of the Atomic Energy (IAEA).

The characterization of 8’Li and §!'B signatures in rainwaters
is of major importance to increase knowledge of the external cy-
cles of these elements and, more specifically in the field of
hydrogeochemistry, to characterize the Li and B isotope signa-
tures of the rainwater input to surface waters and/or groundwa-
ter bodies as a recharge. To date, one measurement of §’Li
(+14.3 £ 0.7%0) has been reported in the literature for a rainwater
event collected in Hawaii (Pistiner and Henderson, 2003) and an-
other (+33.3%o), slightly higher than the seawater signature, for a
snow sample collected in Iceland (Pogge von Strandmann et al.,
2006).

On the other hand, 5''B signatures of rainwaters have been bet-
ter studied (Miyata et al., 2000; Chetelat et al., 2005, 2009; Rose-
Koga et al., 2006). Indeed, previous work on the characterization
of 8''B signatures in rainwaters have shown that seawater may
be a major supplier of atmospheric B, and that B isotopic fraction-
ation during evaporation from seawater and removal from the
atmosphere may account for the large variations of 8''B signatures
observed in the atmosphere and in rainwater (Miyata et al., 2000).
In addition, it has been shown that B isotopes in rainwater are
potentially good tracers of biomass burning (Chetelat et al.,
2005) and anthropogenic sources in the atmosphere in a polluted
environment (Chetelat et al., 2009).

A better understanding of the H-O-Li-B isotope signatures in
rainwaters is needed for a better knowledge of the origin of these
elements in the atmosphere and also to constrain the isotopic sig-
natures of the rainwater input to surface waters and/or groundwa-
ter bodies as recharge. Indeed, it is difficult to estimate recharge
using conventional water balance methods and it has been shown
that environmental isotopes in groundwater combined with chem-
istry can produce a more reliable conceptual model of a groundwa-
ter system on both local and regional scales.

The present study aims, therefore, at: 1 - investigating Li and
B isotope signatures in the rainfall input, which should be identi-
fied in either surface water or groundwater since the sources of
both Li and B are atmospheric, the dissolution of Li- and B-bear-
ing minerals, biogenic and/or anthropogenic. This study also aims
to more accurately define the input of Li and B to either surface
water or groundwater and place constraints on the &’Li and
3''B values, which should be corrected for atmospheric input, in
order to characterize the anthropogenic signature and/or the sig-
nature derived from water-rock interaction; 2 - characterizing
the H-O isotopic signature of French rainwaters and drawing a
contour map for §'80 values that could be used as a reference
for future studies dealing with 880 recharge signature in relation
to the characterization of surface waters and/or groundwater
bodies.

2. Rainwater samples
2.1. Sampling sites

The five monitoring stations (Brest, Dax, Orléans, Thonon and
Avignon) were selected in order to have a good distribution over
the national territory (Fig. 1). This enables, firstly, following the
evolution of the isotopic signal over a West-East transect from
Brest to Thonon via Orléans, and, secondly, to observe the influence
of the Mediterranean versus Atlantic air masses.

Monthly rain water samples were collected at five locations
which constitute the French monitoring network, which is part of
the IAEA/IOW Global Network for Isotopes in Precipitation (GNIP,
2007) for isotopes of the water molecule. The long-term monthly
monitoring consisted in sampling rainwater in Avignon (from
May 1997 to December 2002, n = 60), Brest (from April 1996 to
May 2003, n = 83), Dax (from October 1997 to April 2004, n = 74),
Orléans (from March 1996 to May 2004, n = 96) and Thonon (from
March 1995 to December 2002, n = 89).

Three of these sampling sites were monitored between 2003
and 2004 for B and Li isotopes. One, Brest, is located in the NW
of France (N 48.24, W 04.31), less than 5 km from the Atlantic
Ocean. Another, Dax, is located in the SW of France (N 43.44, W
01.03), 30 km from the Atlantic Ocean. The third, Orléans (N
47.54,E 01.52), is located 400 km from the Atlantic Ocean. A fourth
B and Li isotope sampling site is located near Clermont-Ferrand (N
45.46, E 03.04), in the Massif Central, 200 km to the SSE of Orléans.
Rainwater samples were monitored here between 1994 and 1995.
The Mediterranean Sea is 300 km to the south and the Atlantic
Ocean is 380 km to the west.

In addition, data for several lakes and groundwater were also
considered in the present work for the §'%0 contour map, they
were selected for areas which were poorly documented. Lakes
have previously been demonstrated to be good natural rain gauges
in France under well-defined conditions (Petelet-Giraud et al.,
2005; lakes in pristine environments located in the upper parts
of drainage basins to limit runoff). Lake water data were corrected
for evaporation processes according to the evaporation lines de-
fined in two contrasted locations (near the Dax and near Orléans
monitoring stations). For each station the lake data was compared
to the local rain weighted mean value, the evaporation lines had a
slope of 4.9 and 4.8 for Dax and Orléans, respectively. All the lake
data showing an evaporation signature were corrected by this fac-
tor to restore them to the global meteoric water line. Secondly, in
other regions, and as demonstrated by Darling et al. (2003), recent
groundwater (i.e. >H values >0 and 'C activity close to 100%) was
used as a reference material being reasonably representative of
long-term rainfall. Finally, the signature calculated from that of
a landsnail shell (Lécolle, 1985) was also used for the Northern
part of the Rhone valley where no other data was available. To
better determine the isotopic signature at the French border, data
from the literature or long-term rain monitoring data in the GNIP
database for neighbouring countries (GNIP, 2007; Plata-Bedmar,
1994; Longinelli and Selmo, 2003; Longinelli et al., 2006; Darling
and Talbot, 2003; Darling et al., 2003; Schurch et al., 2003) were
used.

2.2. Sampling technique

A polycarbonate funnel (details already given in Négrel et al.
(1997)) was used to collect the rainfall samples in Brest, Dax and
Orléans. The rainwater was stored in a polypropylene jerrycan to
avoid any evaporation or modification of the sample. Collecting
the accumulated precipitation for a month enabled a monthly sam-
ple of rain to be obtained. An automatic precipitation sampler was
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also designed for collecting rainwater samples at the site near Cler-
mont-Ferrand (details already given in Négrel and Roy (1998)).

After monthly sample collection, 100 mL were used for 8D and
880 determination. The rest of the rainwater samples were filtered
through pre-cleaned 0.45 pm acetate filters using a pre-cleaned
Nalgene filter apparatus and the filtrate was separated into two ali-
quots. From this: (i) 100 and 1000 mL were acidified with double-
distilled HNO3 (pH =2) and stored in pre-cleaned polyethylene
bottles for major-cation analysis and Li isotope ratio and elemental
Li and B determinations and (ii) 500 mL were stored unacidified in
polyethylene bottles for anion analysis and B isotope ratio
measurements.

2.3. Wind characterization

The origin of the air masses for the French rainwater under con-
sideration was studied using the French Meteorological Institute
database (meteofrance.com). Daily maximum wind direction (0-
360°) and rainfall (mm) were considered. Average monthly wind
direction data are given in Table 1 for each sampling point. These
average values were calculated by weighting daily maximum wind
directions by the corresponding rainfall amount and only rainy
days were considered.

3. Analytical methods
3.1. Chemical parameters and stable isotopes of the water molecule

The rainwater samples were chemically analysed by ion chro-
matography (Ca, Na, K, Mg, Cl, SO, and NO3 concentrations, accu-
racy 5%) and inductively coupled plasma mass spectrometry (Li
and B concentrations, accuracy 5%). Accuracy and precision for ma-
jor and trace elements was verified by repeated measurements of
standard materials during the course of this study: namely
Ion96-3 and LGC6020 for cations and anions and pure Li and B
standard solutions (Merck) for Li and B determinations.

Oxygen-18 and ?H measurements were performed by various
French laboratories using a standardised method. At BRGM’s labo-
ratory, a Finnigan MAT 252 mass spectrometer was used with a
precision of 0.1%. for §'%0 and 0.8%. for 8D (vs. SMOW). Isotopic
compositions are reported in the usual 3-scale (in %) according
to (5sample (%0)={(Rsample/Rstandard) - 1} X 103- where R is either
the 2H/'H or the '®0/'®0 atomic ratio.

In the present work, it was challenging to measure Li and B iso-
tope compositions in rainwater samples due to their low content (a
few pumol/L). Therefore, new sensitive techniques were developed
(Millot et al., 2004a,b; Guerrot et al., 2010) in order to be able to
accurately and precisely determine 8’Li and &!''B in rainwater
samples.

3.2. Lithium isotopes

Lithium isotopic compositions were measured using a Neptune
Multi Collector ICP-MS (Thermo Fischer Scientific). “Li/®Li ratios
were normalized to the L-SVEC standard solution (NIST SRM
8545, Flesch et al., 1973) following the standard-sample bracketing
method (see Millot et al. (2004b) for more details). The analytical
protocol involves the acquisition of 15 ratios with 16 s integration
time per ratio, and yields in-run precision better than 0.2%. (2a,,,
2 x Standard Error). Blank values are low (i.e. 0.2%), and 5 min
wash time is enough to reach a stable background value.

The samples must be prepared beforehand with chemical sepa-
ration/purification by ion chromatography in order to produce a
pure mono-elemental solution. Chemical separation of Li from
the matrix was done prior to the mass analysis, following a proce-

dure modified from the technique of James and Palmer (2000),
using a cationic resin (a single column filled with 3 mL of BioRad
AG® 50 W-X12 resin, 200-400 mesh) and HCI acid media (0.2 N)
for 30 ng of Li. Blanks for the total chemical extraction were less
than 30 pg of Li, which is negligible since it represents a 10>
blank/sample ratio.

Successful quantitative measurement of Li isotopic composi-
tions requires 100% Li recovery during laboratory processing.
Therefore, frequent column calibration was done and repeated
analyses of L-SVEC standard processed through columns shows
100% Li recovery and no induced isotope fractionation due to the
purification process.

The accuracy and the reproducibility of the entire method (puri-
fication procedure + mass analysis) were tested by repeated mea-
surements of a seawater sample (IRMM BCR-403) after
separation of Li from the matrix, for which a mean value of
8’Li = +30.9 £ 0.4%. (20, 2 x Standard Deviation, n=12) was ob-
tained over the period of the duration of the analyses. This mean
value is in good agreement with the authors’ long-term measure-
ment (8’Li = +31.0 £ 0.5%0, 20, n = 30, Millot et al., 2004a) and with
other values reported in the literature (see, for example, Tomascak
(2004) for a compilation). Consequently, based on long-term mea-
surements of the seawater standard, it was estimated that the
external reproducibility of the method was around +0.5%. (20).

In addition, the reproducibility of the method was also tested by
repeated measurements of a rainwater standard solution
(TMRAIN-95, Environment Canada, National Water Research Insti-
tute) after separation/purification by ion chromatography, for
which a mean value of 8’Li=+445.9 + 0.6%. (20, n=10) was ob-
tained over the period of the duration of the analyses. This mean
value could not, however, be compared either to literature data
or to certified values because this reference material is not certified
for Li isotopes (only for Li concentration). In spite of this, it is of
interest to note that this rainwater standard solution is signifi-
cantly enriched in heavy Li (“Li). This is, however, not surprising
because this reference material is a synthetic rainwater solution
(namely: TMRAIN-95: a simulated rain sample for trace elements).
Consequently, it is likely that Li in this standard solution could
come from a “Li-rich reagent, as was pointed out by Qi et al.
(1997), who showed that 8’Li values in laboratory reagents could
range between —11% and +3013%.. Indeed, it is well known that
Li can be isotopically fractionated due to the removal of °Li for
use in hydrogen bombs. The remaining Li is therefore substantially
enriched in ’Li and some of this Li has found its way into laboratory
reagents and into the environment (Coplen et al., 2002). In addi-
tion, an ICP “Li-rich standard solution (Spex) was also measured,
having a mean value of 8’Li=+241.4+0.5%. (20, n=38, Millot
et al., 2004a), which confirms the results found by Qi et al. (1997).

Finally, concerning the Li concentration of this rainwater stan-
dard solution (TMRAIN-95), good agreement was obtained be-
tween the values measured by ICP-MS (0.059 £ 0.003 pmol/L, 2a,
n=10) and the certified value (0.056 + 0.011 pumol/L).

3.3. Boron isotopes

Boron isotope compositions were determined following a new-
ly-developed methodology for precise and accurate measurement
using a Neptune double-focusing multi-collector sector ICP-MS
(Guerrot et al., 2010).

To avoid any drift of the mass bias induced by the sample ma-
trix, chemical purification of 100 ng B was done before the mass
analysis, following a procedure described in Guerrot et al. (2010),
using the specific B resin IRA743 and 0.42 N HNOs acid media, with
a final B concentration of 50 ng/mL. !'B/'°B ratios were normalized,
following the standard-sample bracketing method, to the NIST
SRM-951 standard solution (Catanzaro et al., 1970) after chemical
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Table 1

Major cations and anions (Na, K, Mg, Ca, Cl, SO4, NO3, pmol/L), Li and B concentrations (pmol/L) and Li and B isotope compositions of rainwaters by location and sampling date. Rainfall amount (mm) and wind direction are also reported in this
table. The prevailing wind direction data (in °) at each sample location were obtained from the Météo France database. Wind direction data reported for monthly average values in this table are weighted by the rainfall amount and only days with
precipitation are considered. Sea-salt contribution for Li and B (in %) are also given is this table. For 5’Li and 5''B, arithmetic means with Standard Deviation are also given.

Location/sampling Reference Rainfall Main Na K Mg Ca Cl S04 NO; Li seasalt B seasalt Li B 8’Li 8''B &7Li (%) 31'B (%)

date amount wind (pmol/L) (pumol/L) (pmol/L) (pmol/L) (pmol/L) (umol/L) (pmol/L) (%) (%) (pmol/L) (pumol/L) (%) (%)  arithmetic arithmetic
(mm) direction mean mean

Brest

July 2003 03-E-524 32 223 117.5 5.8 16.1 8.5 117.7 213 36.7 125 22.8 0.051 0.398 234 351 225+43 374x38

August 2003 03-E-525 6 105 235.0 319 62.8 65.8 228.6 113.9 172.0 9.0 4.8 0.142 3.793 193 275

September 2003 03-E-526 73 176 743 2.8 10.9 7.9 75.2 223 68.9 7.9 21.9 0.051 0.262 15.1 38.1

October 2003 03-E-527 62 193 208.3 5.6 23.8 114 218.9 322 58.9 21.6 48.9 0.052 0.329 222 396

November 2003 03-E-528 155 129 142.6 4.0 17.2 6.0 150.1 23.2 16.7 14.7 533 0.053 0.207 17.7 403

December 2003 03-E-529 109 174 292.7 7.6 33.1 6.2 3223 313 32.1 26.6 75.9 0.060 0.298 27.2 406

January 2004 04-E-52 174 232 231.7 5.1 25.7 7.0 2431 255 6.8 254 83.7 0.050 0.214 28.6 40.1

February 2004 04-E-53 44 57 393.8 10.3 47.8 15.9 450.1 46.0 36.0 36.5 85.7 0.059 0.355 263 378

March 2004 04-E-54 83 209 346.2 11.0 40.6 12.6 3904 423 47.0 45.0 59.5 0.042 0.449 25.8 395

April 2004 04-E-55 66 150 227.7 4.8 27.6 10.2 236.3 393 57.8 37.0 49.2 0.033 0.357 227 375

May 2004 04-E-56 37 234 3239 10.7 39.5 12.6 366.2 42.1 80.3 39.0 41.8 0.045 0.599 194 35.2

Dax

July 2003 03-E-164 39 256 204.3 63.6 244 55.2 156.6 43.9 16.0 15.6 0.069 1.013 341 159 228+43 11.4+6.6

August 2003 03-E-165 45.4 248 89.5 9.2 14.9 33.8 50.7 40.8 49.7 6.2 5.9 0.078 1.167 215 7.9

September 2003 03-E-166 1054 225 196.1 14.3 18.0 232 176.3 325 2.6 12.2 211 0.087 0.717 211 129

October 2003 03-E-147 203.1 207 273.6 50.2 26.9 57.8 2723 33.8 110.6 19.3 18.0 0.077 1.174 252 8.3

November 2003 03-E-148 118.7 238 155.7 159 15.2 25.7 136.6 2438 - 13.5 14.5 0.062 0.830 19.8 2.0

December 2003 03-E-149 110.7 230 194.2 115 16.9 44.6 167.0 30.6 29 18.2 252 0.058 0.595 21.0 118

January 2004 03-E-150 187.3 242 176.4 9.3 16.9 20.8 164.8 25.9 20.2 13.7 0.047 0.997 23.0 71

February 2004 03-E-151 66.8 212 203.9 51.0 29.6 49.2 198.3 449 28.7 19.0 42.7 0.058 0.369 235 198

March 2004 03-E-152 62.1 210 137.4 41.9 271 64.5 135.5 36.9 3.5 13.6 16.0 0.055 0.662 17.2 9.4

April 2004 03-E-153 115.1 255 255.2 53.8 33.7 65.0 2473 183 3.0 204 17.9 0.068 1.099 189 7.9

May 2004 03-E-154 155.1 243 160.1 10.9 19.8 314 163.7 235 17.2 13.8 0.050 0.898 228 78

June 2004 03-E-155 10.2 268 108.3 26.8 22.8 1144 1135 42.0 74 6.2 0.079 1.340 253 265

Orléans

January 2004 04-E-46 118 221 38.7 6.9 5.8 8.9 32.7 8.4 . 5.1 . 0.041 0.029 13.0 298 16.1+48 84z*11.7

March 2004 04-E-48 54 231 61.4 113 10.8 214 49.6 22.6 394 6.0 11.6 0.055 0.408 142 13.1

May 2004 04-E-50 55 243 52.4 17.0 8.2 12.7 394 14.1 9.5 6.2 5.0 0.046 0.818 19.2 6.0

July 2004 04-E-295 57 220 53.4 13.5 12.0 233 304 21.0 - 4.3 2.1 0.068 1.987 112 -03

August 2004 04-E-296 120 267 345 6.6 11.6 21.0 16.6 14.0 - 33 1.1 0.057 2.430 92 -24

September 2004 04-E-297 11.5 234 96.9 19.4 22.8 394 98.3 27.9 6.5 1.2 0.081 6.184 194 -33

October 2004 04-E-298 80 175 59.0 144 8.9 12.9 41.7 16.5 12.9 8.4 3.7 0.038 1.246 143 0.0

November 2004 04-E-299 23 219 923 60.5 133 17.8 66.8 39.5 59.0 9.7 254 0.052 0.281 229 227

December 2004 04-E-300 54 201 51.0 17.8 6.3 9.4 50.1 13.0 19.8 7.6 18.2 0.036 0.217 219 9.8

Clermont-Ferrand

March 31-April 22, 1994 PSM1 120 288 39.1 4.1 4.4 123 394 51.0 74.6 43 9.7 0.049 0.312 776 119 26.2+29.7 232+122

April 22-May 3, 1994 PSM2 40 173 6.1 4.1 2.1 10.5 7.0 234 16.7 0.8 3.0 0.041 0.156 6.7 229

May 3-25, 1994 PSM3 110 239 3.9 2.6 1.7 8.0 7.0 16.1 34.1 4.8 2.6 0.004 0.116 8.7 287

May 25-June 17, 1994 PSM4 37 256 9.1 7.2 0.2 14.8 16.9 19.8 - 0.7 3.7 0.075 0.191 49 250

June 17-July 28, 1994 PSM5 95 256 20.0 238 43 79.0 31.0 47.9 42.9

July 28-August 18, 1994 PSM6 110 243 4.8 33 0.9 16.0 16.9 333 30.2 0.8 1.5 0.033 0.248 6.7 32.8

September19-October 5, 1994 PSM7 120 294 43 23 19 16.8 7.9 71 12.7 0.9 3.2 0.027 0.106 9.0 320

October 5-27, 1994 PSM8 110 152 8.7 2.6 0.8 15.0 10.1 7.3 - 1.8 134 0.027 0.050 14.7 195

October 27-November 17, 1994 PSM9 110 172 0.4 13.6 6.3 1.0 13.5 4.2

November 17-December 16, 1994 PSM10 5 246 6.5 3.8 6.3 9.5 13.0 36.6 53.8

December 16, 1994-January 17, 1995 PSM11 28 197 32.2 1.8 8.3 12.0 44.2 21.6 38.7 4.0 14.5 0.044 0.172 63.8 27.2

January 17-30, 1995 PSM12 20 195 8.7 3.1 5.8 33 14.1 6.1 - 11 6.4 0.041 0.104 332 254

January 30-March 6, 1995 PSM13 65 214 43.0 2.3 4.0 5.8 21.7 13.2 19.0 0.8 6.4 0.292 0.520 95.6 4.8

March 6-April 6, 1995 PSM14 20 258 23.0 5.1 3.2 123 254 14.2 17.5

April 6-May 12, 1995 PSM15 58 302 83 4.1 23 11.0 11.8 394 47.0 2.0 4.0 0.022 0.160 3.2 1938

May 12-June 15, 1995 PSM16 115 229 8.7 49 2.6 18.0 - 11 3.0 0.044 0.226 7.8 252

June 15-July 7, 1995 PSM17 10 124 4.8 9.0 = 12.0 37.5 13.9 69.2 0.7 1.5 0.037 0.239 83 268
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purification (Guerrot et al., 2010). Analytical uncertainty for each
individual determination was better than 0.1%. at 2a,, (n=20).
Accuracy and reproducibility of the whole process were deter-
mined by repeated measurements of a seawater solution (IAEA-
B1) with a mean value of 5!'B =+39.36 + 0.43% (20, n = 20). The
authors’ measurements using the positive-TIMS-Cs,BO, technique
(6""B=+39.24 % 0.36%0 (20, n=19), are in good agreement with
this mean value as well as with the data compilation obtained
for an intercomparison exercise (Gonfiantini et al., 2003) and with
the worldwide accepted value for seawater.

Consequently, based on long-term measurements of seawater
standards, it was estimated that the external reproducibility of
the method was around +0.4%. (20).

4. Results
4.1. Stable isotopes of the water molecule: 3D and 680

The equation of the Global Meteoric Water Line (GMWL) is
8D =8 x 8'80+ 10 (Craig, 1961). The arithmetic (unweighted)
means of isotopic ratios in precipitation from 410 stations (IAEA
network, data from 1961 to 2000) are described by the following
equation: 8D =8.07 (¢0.02) x 8'80+9.9 (20.1), R* =0.98 (Gourcy
et al., 2005). Long-term means weighted by the amount of precip-
itation were calculated only for the year for which more than 70%
of the rainfall was analysed and at least 1 a of observation was
available, the relationship becomes: &Deighted =8.14 (£0.02) x
5180 +10.9 (+0.2), R?=0.98 (Gourcy et al., 2005). When all the
available data from the five French monitoring stations are plotted
in a 5'80 vs. 8D diagram (Fig. 2a), the following equation can be
calculated: 8D =7.727 (£0.066) x 8'80 + 7.033 (+0.451), R* =0.97,
n =411. When only annual weighted mean values are used for each
monitoring station (Fig. 2b), the equation becomes: 3D = 8.347
(£0.153) x 8'80 + 11.662 (+1.048), R? = 0.99, n = 31.

These global results are close to the Global Meteoric Water Line
despite the variability that can be found at each French station. The
weighted mean for each station integrates all the available data
over the monitoring period (stars in Fig. 2b). The Avignon weighted
mean for the period 1997-2002, 880 = —5.81%, is similar to the
one calculated during the 1997-1998 period, i.e. 580 = —6.1%.
(Celle et al., 2000). These weighted means are reported in Fig. 2b,
in which all points plot very close to the GMWL, and highlight
the continental effect (also called the distance-from-the-coast-ef-
fect) with progressive depletion in heavy isotopes from Brest
(Atlantic coast) to Thonon via Orléans (Fig. 1). It is worth noting
that the best fit regression lines of the annual weighted means of
these three stations described a quasi-straight line very close to
the GMWL (Fig. 2b), suggesting a genetic link for rainfall from
the three stations.

In greater detail, the continental effect can be assessed between
the Brest and Thonon samples (355 km apart) after removing the
altitude effect for the Thonon station (at an altitude of 385 m). Bla-
voux (1978) calculated an altitudinal gradient of —0.3%0/100 m in
this region (Chablais, pre-Alpes), leading to a continental effect of
—3.2%0 5'80/1000 km in an eastward direction from the French
Atlantic Coast. This value is in good agreement with the assess-
ment of Lécolle (1985) over the French territory. The continental
effect varies considerably from place to place and from season to
season (Ladouche et al., 2009), even over a low-relief profile. It is
also strongly correlated with the temperature gradient and de-
pends on both the topography and the climate regime.

Average annual 5'80 values vary from year to year (Fig. 2b). For
the five French monitoring stations, the 20 values vary between
1%0 and 2%. over the monitoring period, as was observed in Wal-
lingford, UK (Darling and Talbot, 2003). This is typical of temperate

climates where a large part of the spread is caused by variations in
the average annual temperature (Gat et al., 2001). These variations
from year to year show why it is difficult to assess the real signa-
ture of precipitation in a given place without long-term monitor-
ing. This should be kept in mind when drawing a contour map of
880 for a vast territory for which only a few long-term monitoring
data are available.

4.2. Contour map of the stable isotopic signature of oxygen (5'%0)

The world map developed by the IAEA from GNIP data (GNIP,
2007) is one of the few contour maps of the atmospheric signal
that exist today. In France, a 580 contour map was drawn by
Lécolle (1985), based on the O isotopic composition of the carbon-
ate shell of landsnails, which have been shown to be directly linked
to the annual mean 3'30 of rainwater. A second map, based on a
few rainwater and groundwater measurements, was produced by
Razafindrakoto (1988).

In the present work, the stations in Brest, Dax, Orléans, Avignon
and Thonon (Fig. 1) were monitored monthly for the §'%0 and 8D
atmospheric signal. Rain samples from the BDISO databank are
from studies dedicated to the knowledge and functioning of spe-
cific aquifers, often represent only a few months of monitoring,
and are not for the same time periods. From all the available data,
data points were selected with the following criteria: (1) there
must be at least 1 a of monitoring; (2) isotopic data should be asso-
ciated with the rainfall amount (if rainfall values are unavailable,
data are weighted by those from the nearest meteorological station
at the same altitude); (3) when two points are close, only the lon-
gest and more recent monitoring campaign is selected, as well as
the lowest altitude point to minimize the altitude effect when
drawing the map. Rain data from 44 points were selected (Fig. 3).
Some regions are poorly documented and additional data were se-
lected: 13 lakes, 12 groundwater bodies and one landsnail shell
(see Section 2.1). In addition, and to better determine the isotopic
signature at the French border, literature data or long-term rain
monitoring data in the GNIP database for neighbouring countries
were used (GNIP, 2007; Plata-Bedmar, 1994; Longinelli and Selmo,
2003; Longinelli et al., 2006; Darling and Talbot, 2003; Darling
et al., 2003; Schurch et al., 2003).

The contour map of 5'80 values (Fig. 3) was drawn manually for
the following reasons: (1) to take into account the altitude from
the topographic digital terrain model (DTM) for a better interpola-
tion, reflecting the altitude affect and (2) to give a greater weight to
the most representative samples (length of the monitoring cam-
paign, altitude, etc.) when large isotopic variations were observed
at small scale. The attempts to automatically generate the map
with dedicated software with kriging methods were rather incon-
clusive mainly because, as the data include the altitude effect, it
was impossible to take into account the DTM in the interpolation
without a risk of taking the altitude effect into account twice.

4.3. Lithium an boron concentrations in rainwaters

Major elements (cations and anions) and Li and B concentra-
tions in rainwater samples collected in Brest, Dax, Orléans and
Clermont-Ferrand are given in Table 1. When Cl concentrations
are plotted as a function of Na concentrations (Fig. 4, Négrel
et al., 2007), a good correlation is observed for the rainwater sam-
ples. The regression line between these two major elements is also
shown in Fig. 4. A 95% confidence level is assigned to the data that
falls between the two lines. The seawater dilution line is also
shown in Fig. 4. Chloride concentrations show a very strong corre-
lation with Na concentrations (R? = 0.99). All the samples lie near
the seawater dilution line, indicating that both the Na and CI in
these samples come from sea salt. The Brest and the Dax rainwater
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Fig. 2. (a) 8'%0 vs. 8D for all the monthly samples from the five long-term
monitoring stations (Orléans, Brest, Dax, Thonon and Avignon). (b) Annual
weighted means of the same five stations. The Global Meteoric Water Line is also
drawn (GMWL, 8D = 8 x §'80 + 10). Stars correspond to the weight mean value at
each station.

samples have the highest Na and Cl concentrations, whereas those
collected near Clermont-Ferrand have the lowest concentrations in
both Na and Cl.

Lithium and B concentrations in rainwater samples range from
0.004 to 0.292 pmol/L and from 0.029 to 6.184 pmol/L, respec-
tively. This range of variation for Li concentrations is significantly
lower than the only other value reported for rainwater (i.e.
Li =0.520 pmol/L, in Hawaii, Pistiner and Henderson, 2003). On
the other hand, B concentrations reported here are in agreement
with literature data, with some of the present values higher (Chet-
elat et al., 2005, 2009; Rose-Koga et al., 2006).

Lithium concentrations are more homogeneous than B concen-
trations from one sampling site to another (Table 1). The mean Li
concentrations are quite similar, 0.058, 0.066, 0.053 and
0.057 umol/L, for rainwaters collected at Brest, Dax, Orléans and
near Clermont-Ferrand, respectively, whereas they are more heter-
ogeneous for B, i.e. 0.66, 0.90, 1.51 and 0.20 pumol/L for rainwaters
collected at Brest, Dax, Orléans and near Clermont-Ferrand,
respectively.

4.4. Lithium and boron isotopes in rainwaters

Lithium and B isotope compositions are reported in Table 1 and
Fig. 5. The most striking outcome of this study is that there is a very
large range of variation (between +3.2%. and +95.6%c) for ’Li in
rainwaters. Mean &’Li values are +22.5%o, +22.8%c, +16.1%0 and

+26.2%0 for samples collected in Brest, Dax, Orléans and near
Clermont-Ferrand, respectively (Table 1). This range of variation
is consistent with the only other value reported for rainwater
(87Li = +14.3%0, in Hawaii; Pistiner and Henderson, 2003). Further-
more, 8’Li values in rainwaters are different from the 5’Li signature
of seawater (+31%o; Millot et al., 2004a).

8''B in rainwaters also shows a very wide range of variation, be-
tween —3.3%. and +40.6%.. The mean &''B values are +37.4%a,
+11.4%0, +8.4%0 and +23.2%. for rainwaters collected in Brest,
Dax, Orléans and near Clermont-Ferrand, respectively (Table 1).
This is in agreement with literature data (Chetelat et al., 2005,
2009; Rose-Koga et al., 2006) and is different from the 5''B signa-
ture of seawater (+39.5%0; see data compilation reported by Aggar-
wal et al. (2004)), except for Brest. Thus, the difference between
rainwater values and the seawater signal for both Li and B isotopes
should be highlighted.

In Fig. 5a and b, 8”Li and 5!'B values are plotted as a function of
Li and B concentrations, respectively. No general relationship is
observed between &’Li and Li concentrations (Fig. 5a). Indeed,
the range of ’Li variation is covered at both low and high Li
concentrations (with the exception of the 3 “Li-rich samples from
Clermont-Ferrand). On the other hand, there seems to be an in-
verse relationship between 5''B and B concentrations (Fig. 5b):
from high §''B values (close to the seawater signature, i.e. corre-
sponding to rainwater samples from Brest, which is near the
ocean) down to nearly —3%o. as B concentrations increase. This also
means that high B concentrations in rainwaters are associated with
low 8'!B values, especially for Orléans rainwater samples.

5. Discussion
5.1. Contour map of the stable isotopic signature of oxygen

The map of the meteoric §'80 signal (Fig. 3) clearly shows the
main causes of the variation in the isotopic signature of rainwater.
The continental and altitude effects are clearly visible. It is also in
good agreement with the map drawn by Lécolle (1985), with a high
degree of precision, especially in the North. The new contour map
still remains quite schematic because of the limited number of
available data points and the complexity of the French topography.
This is especially true in mountainous regions, where the density of
data is too low and the relief too uneven to be able to draw reliable
lines. 3'%0 iso-value lines are, therefore, represented by dotted
lines in the Pyrénées and the Alps.

The map also shows that the signature along the Atlantic coast
is relatively homogeneous with a §'80 value of around —5%o, de-
spite the difference in latitude and the known climatic differences.
The same phenomenon is observed on the Mediterranean coast of
Italy (Longinelli and Selmo, 2003) and can be at least partially re-
lated to the contribution of seawater vapour to the coastal precip-
itation, with values characteristic of a first condensate of water
vapour (Gat et al., 2001). While the isotopic signal on the Mediter-
ranean coast is not significantly different from that on the Atlantic
coast, the Mediterranean signature is more rapidly depleted in hea-
vy isotopes on moving inland from the coast. This could be due to
the presence of mountains close to the coast, which generate rain-
fall. Rainwater in and around Paris is less depleted in heavy iso-
topes than available data indicates for the surrounding area. This
might be explained by a slightly higher temperature induced by
the high population density and intensive industrial activity. Such
a phenomenon has been described for Rome (Italy, Longinelli and
Selmo, 2003). The Northern coast has a §'0 signal, depleted in
heavy isotopes compared to the Atlantic coast (—6.5%0 Vs. —5.3%o
in Brest and —5.6%0 in Dax), which suggests that clouds that pro-
duce rainfall are already depleted in heavy isotopes. This phenom-



R. Millot et al./Applied Geochemistry 25 (2010) 1510-1524 1517

Rain
(] Groundwater
* Lake

® Mollusc shell
-7 d180 isovalue

@® Rain station

@ Long term Rain monitoring station

Fig. 3. Isovalue contour lines of the mean annual O isotopic composition (5'0) of rainwater in France. This map is based on rainwater, groundwater, lake (corrected for
evaporation) and landsnail shell data. Contour lines from Spain (Plata-Bedmar, 1994), Italy (Longinelli and Selmo, 2003; Longinelli et al., 2006) and United Kingdom (Darling
and Talbot, 2003; Darling et al., 2003), together with Swiss data (Schurch et al., 2003) were also used to constrain lines at the French borders. The location of rainwater
sampling stations for '80 vs. 5D is also shown on this map (blue: short-term monitoring; red: long-term monitoring). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

enon has been observed over the British Isles. The §'%0 contour
lines are parallel on each side of the Chanel.

This map is the first one produced at the national scale based on
most of the isotopic data available in France, and which takes into
account data for neighbouring countries in order to better con-
strain the contour lines along the borders. It is, therefore, a unique
tool for assessing the stable isotopic signature of aquifer recharge
for O isotopes. Nevertheless, it is worth noting that the rainwater
data used often integrate only 1 a of rainfall and it has been shown

that the mean annual weighted §'80 values vary from 1%o to 2%
due to variations in the average annual temperature typical of tem-
perate climates. This map can, therefore, be a valuable addition to
local rain monitoring when a specific aquifer is being studied.

In this paper, only the 5'%0 signature for France is reported.
However, 8D can be determined using the global correlation
between 8D and 5'80 from the Global Meteoric Water Line
since all the data considered plot, for the most part, along this
line.
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5.2. Lithium and boron isotopes variations

5.2.1. Seasonal and spatio-temporal variations

Monitoring rainwater samples over a period of 1 a at different
locations allows studying seasonal effects on the range of variation
for both Li and B isotopes.

On the one hand, the rainfall amount seems to have no effect on
8’Li variations (Table 1). The total range of variation for 5’Li values
seems to be independent of the rainfall amount, and this is espe-
cially true for Orléans, Brest and Dax. In contrast, for Brest and
Dax samples (sampling points on or near the coast), the rainfall
amount does seem to control 5''B variations to some extent. When
the rainfall amount increases, the 3''B values increase for the Brest
samples but decrease for the Dax samples. It is very likely that
when the rainfall amount is high, there is a large contribution of
salts derived from seawater. This is especially true for the Brest
rainwater samples (sampling point less than 5 km from the Atlan-
tic Ocean). However, the distribution of 8''B in rainwater samples
from Dax (30 km inland) is more complex and will be discussed in
the next section. In contrast, rainwater samples from inland sam-
pling points (Orléans and Clermont-Ferrand) do not show any cor-
relation of 8''B values with the rainfall amount.

On the other hand, the month does not appear to have any di-
rect effect on 8’Li values (Table 1). However, “Li-rich values for
Clermont-Ferrand rainwater are observed during the winter and
spring seasons (December, February and April). Also, there appears
to be no correlation between 5''B values and the month. The range
of variation for 5''B is controlled, mainly, by the location (inland
vs. coastal) of the sampling point.

5.2.2. Wind direction and air mass origin

Lithium concentrations and &’Li values were plotted as a func-
tion of the wind direction (Fig. 6). The wind direction does not con-
trol Li content in Brest and Clermont-Ferrand rainwater samples
(Fig. 6b and h). For Dax and Orléans sampling sites, however, there
is a relationship between Li concentration and wind direction
(Fig. 6d and f). The Li concentration is controlled by the origin of
the air masses for these rainwater samples, with higher Li concen-
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Fig. 5. (a and b) &’Li and 8''B (%0) values plotted as a function of Li and B
concentrations (pmol/L, log scale), respectively, in rainwaters and seawater.

trations in rainwater coming from the ocean (wind direction
around 270°, i.e. W). With regard to 8’Li values, no effect is ob-
served, here again, for Brest rainwaters (Fig. 6a), which means that
most of the rainwater at this site is homogeneous for both Li and its
isotopes, even though the wind direction can range significantly
(from 50° to 240, i.e., NE to WSW). For Dax and Orléans samples,
the opposite phenomena are observed concerning Li isotopes.
When the air masses have a Western origin (oceanic input), 5’Li
values tend to increase slightly for Dax rainwaters but decrease
slightly for Orléans rainwaters (Fig. 6¢c and e). The most striking
observation concerns Clermont-Ferrand rainwaters, for which
5’Li values display two interesting trends as a function of the wind
direction (Fig. 6g). In winter and spring samples, there is a general
positive trend between 8’Li and wind direction. However, autumn
and summer samples show no change in the §’Li signature when
the wind direction is between 120° and 300° (SE-NW). This means
that the “Li-rich rainwaters are characterized by air masses coming
from the SSW of the sampling site during the winter and spring.
Boron concentrations and §''B values were plotted as a function
of the wind direction (Fig. 7). Boron concentrations in Brest and
Clermont-Ferrand rainwaters are not controlled primarily by the
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wind direction (Fig. 7b and h, respectively). However, for Dax and
Orléans rainwaters, B concentrations increase when the wind
comes from West of the sampling site (marine origin, Fig. 7d and
f). 5!'B values in rainwater in Orléans decrease slightly when the
wind direction ranges from 180° (S) to 270° (W) (Fig. 7e).

There is no evidence that 3''B values in Brest and Clermont-Fer-
rand rainwaters are controlled by the wind direction (Fig. 7a and
g), whereas 8''B values in Dax rainwaters increase when the wind
direction ranges from 210° (SW) to 270° (W) (Fig. 7c). It is known
that, in this area, rainfall comes not only from the Atlantic Ocean to
the West, but also from the Pyrénées Mountains to the South.
Therefore, it can be assumed that for the Dax rainwater samples:
(i) during the summer and winter (low rainfall), 5''B is controlled
mainly by the sea salt contribution coming from the Atlantic
Ocean, whereas (ii) during spring and autumn when rainfall is hea-
vier, 3''B might also be controlled by rain coming from the moun-
tains that has been in contact with local dust (i.e. silicate,
carbonate and/or evaporite particulates from the Pyrénées), lower-
ing 8''B values. In addition, as Négrel et al. (2007) have observed
for Sr isotopes at the same sampling site, biogenic sources might
also contribute to the §!'B signature of the Dax samples, also low-
ering the 3''B values. Indeed, Dax is located in a huge maritime
pine forest (Pinus pinaster) that covers 860,000 ha, the trees grow-
ing in sand containing chlorite, micas, feldspars and quartz (Righi
and De Connick, 1977).

The origin of the air masses is, therefore, an important factor that
can control the dissolved concentration of Li and B for the Dax and
Orléans sampling sites, but seems to have no effect on Clermont-
Ferrand and Brest rainwaters. This is probably due to the homoge-
neity of the rainfall for the Brest sampling site. On the other hand,
for Dax, rainwater could have two main origins — the SSW (with
lower 5’Li and 8''B values) or the W (with higher &’Li and &''B val-
ues), which reflects the contribution of marine sea salts. For Cler-
mont-Ferrand, the wind direction has no significant effect on
either Li or B concentrations, whereas it has been seen that the
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7Li-rich rainwaters are characterized by air masses coming from
the SSW of the sampling site during the winter and spring.

The spatial range of variation for Li and B isotopes could then be
studied because rainwater samples have been monitored at differ-
ent locations in France (coastal and inland). The rainwaters sam-
pled at Brest, near the sea, have both 8’Li and 5''B values close
to the seawater signature (Figs. 5 and 8), whereas those sampled
at Dax, Orléans and Clermont-Ferrand have a very broad range of
variation for both 8’Li and §!'B values - from crustal values (i.e.
from —2%o to +2%o and from —5%. to +10%., respectively, for 8’Li
and §''B, Teng et al., 2004; Tomascak, 2004; Barth, 1993, 2000;
Millot et al., 2007) up to the 8’Li and ''B signatures of seawater
(+31.0%0 and +39.5%0, respectively, for 8’Li and 8''B). However,
higher &’Li values were measured in some rainwater samples col-
lected near Clermont-Ferrand. Therefore, the origins of Li and B in
rainwaters, and the associated isotope signatures, that might ex-
plain the observed range of variation for both Li and B isotope sys-
tematics are discussed below.

5.3. Origin of lithium and boron in rainwaters

Seawater (by contributing sea salts) might be one of the major
suppliers of atmospheric Li and B, but other sources must also to be
taken into account. Therefore, the contribution of sea salts to Li and
B in rainwater samples were determined.

Sodium concentrations in rainwater samples can be used to
estimate the sea salt contribution of other ions because Na is the
best tracer of sea salt input in rainwater (Keene et al., 1986; Négrel
and Roy, 1998; Basak and Alagha, 2004; Rastogi and Sarin, 2005).
Distinguishing between the sea salt (ss) and non-sea salt (nss)
component contributions in rainwater (rw) is essential if it is
wished to characterize the chemistry of precipitation (Négrel and
Roy, 1998; Schmitt and Stille, 2005; Al-Khashman, 2005; Rastogi
and Sarin, 2005; Négrel et al., 2007).
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To calculate the contribution of Li and B (X in Eq. (1)) in the sea
salt component (ss) with seawater (sw) characteristics, the follow-
ing equation is used:

X
ot (7).

Sodium is used as a marine tracer in rainwater (see Négrel and
Roy (1998) and references therein). The contribution of the non-
sea salt component (nss) is the difference between the total com-
position of rainwater (rw) and the sea salt (ss) contribution:

ans = Xn/v - Xss (2)

This equation enables the determination of the contribution of
sea salts to Li and B in rainwaters (Table 1 and Fig. 9). Results show
that the contribution of sea salt for B in rainwaters is greater than
that for Li. Indeed, considering average values for the four different
sampling sites, it can be seen that the marine contribution (sea
salt) to B in rainwaters is twice that to Li (22.3% and 12.0%,
respectively, Fig. 9). The distance-from-the-coast-effect (inland
vs. coastal location) is the key parameter controlling the marine
contribution of both Li and B to rainwater concentrations. Samples
collected inland (Orléans and Clermont-Ferrand) show the lowest
sea salt contributions. Rainwaters from Dax have intermediate val-
ues (Fig. 9), whereas rainwaters collected at Brest have the highest
contributions of marine sea salt to Li and B concentrations (25%
and 49.8% on average, respectively, for Li and B).

Although these results are not surprising, they show that
although seawater does, indeed, supply dissolved atmospheric Li
and B, non-sea-salt sources represent the major source of Li and
B in rainwaters.

(1)

5.4. Lithium isotopes in rainwaters

The fact that most dissolved Li in rainwaters does not have a
marine origin is in agreement with the range observed in §’Li in
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Fig. 8. 5’Li (%) plotted as a function of 8!'B (%) in rainwater samples. See text for
comments.

the samples (+3.2%0 and +95.6%0) compared to the marine signa-
ture of Li isotopes (~+31%o).

5’Li values in rainwater samples were plotted as a function of Li
derived from sea salt (Fig. 9a) in an attempt to identify the differ-
ent sources contributing to the rainwater Li isotope signature. For
rainwater sampled at a coastal location (Brest), the marine contri-
bution is relatively great (9-45%), but another source or other
sources is/are needed in order to explain the range of variation in
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these 8’Li values (+15.1%0 to +28.6%0). The same is observed for
rainwaters collected at Dax and Orléans, but at these locations
the non-sea-salt contribution should be even greater since these
sites are located inland (especially Orléans) and show lower mar-
ine contributions (Table 1). The dissolution of either Li-bearing
minerals or anthropogenic inputs might explain lower 8’Li values
compared to the seawater signature (~+31%o).

Continental rocks have §’Li values ranging from —4%o to +8%o
(Teng et al. (2004), Millot et al. (2010) and references therein)
and might contribute to rainwater signatures by interaction in
the atmosphere between continental particles and water mole-
cules. In addition, most carbonates analysed to date show &Li val-
ues between +6%. and >25%o (e.g. Hoefs and Sywall, 1997; Hall
et al,, 2005; Hathorne and James, 2006; Vigier et al., 2007) and
could also be cited as sources. It is, however, more likely that mul-
tiple sources exist for the crustal component on the scale of France.

The three rainwater samples from Clermont-Ferrand having a
“Li-rich signature (8’Li values of +63.8%0, +77.6%. and +95.6%0)
are, however, notable because they have significantly heavier Li
isotopic compositions than seawater. Négrel and Roy (1998) and
Roy and Négrel (2001) have shown that rainwater in this area is
likely to record an anthropogenic input due to agricultural activi-
ties (e.g. fertilizer application). These high &’Li values might, there-
fore, be explained by the contribution of a local input derived from
fertilizers and/or soil amendments used by farmers in this area.
This is also in good agreement with recent results of Négrel et al.
(2009, 2010) regarding the Li isotopic characterization of a peat
bog located near the sampling site. In that study, the ’Li-rich
contribution to surface waters is explained by the dissolution of
fertilizers and soil amendments having &’Li values higher than
+215%0 (Négrel et al., 2009, 2010). This heavy Li component is
attributed to synthetic Li added to fertilizers and soil amendments,
derived from a ’Li-rich reagent, as was reported by Qi et al. (1997).
In addition, it has been shown (Section 5.2.2) that these ’Li-rich
rainwaters are characterized by air masses coming from the SSW
of the sampling site during the winter and spring, which is when
soils are fertilized and amended.

When Li isotopes are plotted as a function of the Na/Li molar ra-
tio (Fig. 10), it is observed that samples from Clermont-Ferrand
seem to indicate a mixing of a crustal component (granite and/or
carbonate) and an anthropogenic component (’Li-rich end-mem-
ber), whereas samples from Brest, Dax and Orléans seem to indi-
cate a mixing of a crustal component (complex due to the
relative contribution of different particles derived from carbonate
or granite) and a marine end-member.

5.5. Boron isotopes in rainwaters

As stated above, most of the dissolved B in rainwater is not of
marine origin (for rainwater samples collected at inland locations
in Orléans and Clermont-Ferrand, in particular). This is in agree-
ment with the range observed in &!''B values in the samples
(—3.3%0 to +40.6%0) compared to the marine signature of B isotopes
(+39.5%0, Aggarwal et al. (2004) and data therein).

The 5''B values in rainwater samples have been plotted as a
function of B derived from sea salt (Fig. 9b). Seawater seems, nev-
ertheless, to be a major supplier of rainwater B in Brest, near the
ocean. However, the rainwater sample collected at Brest in August
2003 is notable (the lowest 5!'B value: +27.5%o). It was collected at
a time when France and Western Europe were having an excep-
tionally severe heat wave with record temperatures and little rain-
fall (Luterbacher et al., 2004; Chase et al., 2006), and it is very likely
that this sample is not representative.

With reference to the Dax, Orléans and Clermont-Ferrand rain-
water samples, another source/other sources is/are needed in order
to explain the range of variation in 8'!B values. As for Li, the disso-
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Fig. 9. (a and b) Li and B isotopic compositions plotted as a function of Li and B
contribution of marine sea salts in rainwater samples, respectively.

lution of either B-bearing minerals or anthropogenic inputs might
explain 8''B values lower than the seawater signature (+39.5%c). A
crustal component probably contributes to rainwater signatures by
the interaction in the atmosphere of continental particles and
water molecules. Boron isotopic compositions for the main crustal
lithologies have been well identified, with &!!B values ranging from
—5%o t0 +10%0, +15%o0 to +30%0 and 0%o to +35%o, for granite/gneiss,
marine evaporite and carbonate, respectively (Barth, 1993, 2000).
This crustal component is expected to contribute to the B isotopic
rainwater signature, although the crustal component is probably
made up of a combination of several sources (different particles
coming from different lithologies).

Plotting B isotopic compositions as a function of NO3/B molar
ratios (NOs being a good tracer of fertilizer) provides additional
and important information (Fig. 11). Samples from Dax, for which
a possible biogenic input has already been suggested, are in agree-
ment with field data reported by Chetelat et al. (2005) for the bio-
mass-derived end-member (this is also true for most samples
from Orléans, located near a large forested area, “La Sologne”, an
area covering 500,000 ha). In addition, the B values in rainwaters
from this study are little affected by anthropogenic emissions
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compared to those of rainwater sampled in Paris that have an ur-
ban aerosol component (Chetelat et al., 2009). Most rainwater
samples from Clermont-Ferrand (for which a possible fertilizer in-
put has been cited, based on Li isotope data) also reveal a mixing
trend toward a fertilizer end-member (Fig. 11) based on B isotope
tracing.

6. Conclusions and perspectives

In the present work, the first results have been reported for both
Li and B isotope ratios in rainwater samples collected over a long
time period (i.e. monthly rainfall events over 1 a) at a national scale
(from coastal and inland locations). In addition, the stable isotopes
of the water molecule (5D and §'80) have also been reported here
for the same locations. This work has made it possible to better
characterize Li, B, H and O isotopes in rainwaters. The main results
of this study are:

o A contour map of France for 8'80 was drawn after compiling
data that included more than 400 values from all of France. This
map could be used as a reference for future studies concerning
the recharge 5'%0 signature in surface water and groundwater
body characterization. It represents a unique tool for assessing
the stable isotopic signature of the recharge of aquifers for O
isotopes.

o Li and B concentrations and §’Li and §''B signatures in rainwa-
ter samples collected over 1 a at four stations (Brest, Dax, Orlé-
ans and Clermont-Ferrand) varied greatly over the sampling
period. Lithium and B concentrations are low and comprised
between 0.004 and 0.292 pmol/L and 0.029 and 6.184 pmol/L,
respectively. 8”Li and 8''B values in rainwaters also vary greatly
between +3.2%. and +95.6%. and —3.3%. and +40.6%. over a per-
iod of 1 a, respectively.

o The seasonal effect (i.e. the month or rainfall amount) is not the
main controlling factor for the Li and B isotopic variations. How-
ever, the continental effect (distance from the coast) is a key
parameter, determining the origin of both Li and B derived from
marine sea salts. In addition, the origin of air masses (wind
direction) is also a key parameter that controls the contribution
of sea salts derived from the Ocean.

e The most striking outcome of this study is that most Li and B in
rainwaters does not have a marine origin. Seawater is not the
major supplier of atmospheric Li and B and a non-sea-salt
source, such as a crustal component and/or an anthropogenic
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contribution, should also be taken into account when Li and B
isotopes are studied in hydrogeochemistry as an input to sur-
face waters and a recharge to groundwater bodies. This may
be important in the understanding of dissolved Li and B distri-
butions in ground- and formation waters, and should be taken
into account in future studies.

e The fact that most of dissolved Li and B in rainwaters does not
have a marine origin could be of importance in hydrogeochem-
ical studies of surface water and groundwater bodies because
rainwater is an input for the former and a recharge for the
latter. The non-sea-salt signature for Li and B isotopes should,
therefore, be taken into consideration for future studies in the
investigation of their isotope systematics in surface and
groundwater.

To summarize, this study provides a framework for isotopic
investigations of surface and groundwaters and is the first compre-
hensive study of Li and B isotopes in rainwaters. This framework
could be used in future studies to illustrate how these data for rain-
waters samples can add to the global understanding of geochemi-
cal processes in hydrology.

Finally, this work also adds to the potential for use of Li and B
isotopes as environmental tracers.
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Abstract

We report Li isotopic compositions, for river waters and suspended sediments, of about 40 rivers sampled within the Mac-
kenzie River Basin in northwestern Canada. The aim of this study is to characterize the behaviour of Li and its isotopes dur-
ing weathering at the scale of a large mixed lithology basin. The Mackenzie River waters display systematically heavier Li
isotopic compositions relative to source rocks and suspended sediments. The range in &’Li is larger in dissolved load (from
+9.3% to +29.0%,) compared to suspended sediments (from —1.7%, to +3.2%,), which are not significantly different from §’Li
values in bedrocks. Our study shows that dissolved Li is essentially derived from the weathering of silicates and that its iso-
topic composition in the dissolved load is inversely correlated with its relative mobility when compared to Na. The highest
enrichment of "Li in the dissolved load is reported when Li is not or poorly incorporated in secondary phases after its release
into solution by mineral dissolution. This counterintuitive observation is interpreted by the mixing of water types derived
from two different weathering regimes producing different Li isotopic compositions within the Mackenzie River Basin. The
incipient weathering regime characterizing the Rocky Mountains and the Shield areas produces ’Li enrichment in the fluid
phase that is most simply explained by the precipitation of oxyhydroxide phases fractionating Li isotopes. The second weath-
ering regime is found in the lowland area and produces the lower 8’Li waters (but still enriched in "Li compared to bedrocks)
and the most Li-depleted waters (compared to Na). Fractionation factors suggest that the incorporation of Li in clay minerals
is the mechanism that explains the isotopic composition of the lowland rivers. The correlation of boron and lithium concen-
trations found in the dissolved load of the Mackenzie Rivers suggests that precipitation of clay minerals is favoured by the
relatively high residence time of water in groundwater. In the Shield and Rocky Mountains, Li isotopes suggest that clay min-
erals are not forming and that secondary minerals with stronger affinity for ’Li appear.

Although the weathering mechanisms operating in the Mackenzie Basin need to be characterized more precisely, the Li
isotope data reported here clearly show the control of Li isotopes by the weathering intensity. The spatial diversity of weath-
ering regimes, resulting from a complex combination of factors such as topography, geology, climate and hydrology explains,
in fine, the spatial distribution of Li isotopic ratios in the large drainage basin of the Mackenzie River. There is no simple
relationship between Li isotopic composition and chemical denudation fluxes in the Mackenzie River Basin.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION for studying water/rock interactions at the surface of the

Earth. This is because lithium (°Li ~7.5% and ’Li

Assessing the behaviour of lithium and the distribution ~92.5%) is a fluid-mobile element and, due to the large rel-

of Li isotopes during weathering is of major importance ative mass difference between its two stable isotopes, it is

subject to significant low temperature mass fractionation
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Recent studies have shown that the range of 8’Li values
spans more than 40%, at the Earth surface
(8"Li = ("Li/*Lisampie/ 'Li/°LiLsvec — 1) x 10%), (e.g. Pist-
iner and Henderson, 2003; Huh et al., 2004; Kisakiirek
et al., 2004, 2005; Rudnick et al., 2004; Hathorne and
James, 2006; Pogge von Strandmann et al., 2006; Vigier
et al., 2009). Furthermore, the world-wide range of S'Li
in river waters is between +6%, and +33%, (Huh et al.,
1998, 2001). There are as yet few studies concerning mixed
lithology basins, but these suggest that river water 8’Li is
not affected by differences in catchment lithology (Huh
et al., 1998; Kisakiirek et al., 2005). Rather, lithium iso-
topes are thought to be strongly affected by isotope frac-
tionation during secondary mineral formation and the
degree and type of silicate weathering (Huh et al., 2004;
Kisakiirek et al., 2004, 2005; Hathorne and James, 2006;
Pogge von Strandmann et al., 2006; Vigier et al., 2009).

To date, both the magnitude of the Li isotopic fraction-
ation associated with water—rock interaction processes, and
the factors controlling these fractionations, are poorly
understood. However, both field and experimental studies
have shown that °Li is preferentially retained by secondary
minerals during silicate weathering (Pistiner and Hender-
son, 2003; Kisakiirek et al., 2004; Pogge von Strandmann
et al., 2006; Vigier et al., 2009). Accordingly, the fraction-
ation of Li isotopes is dependent upon the extent of chem-
ical weathering. Large fractionation seems to occur during
superficial weathering while little fractionation is observed
during more intense or prolonged weathering in stable envi-
ronments (Huh et al., 1998, 2001; Pogge von Strandmann
et al., 2000).

Lithium isotopic fractionation has been documented in
numerous natural environments, with experimental and
natural data (Huh et al., 2001; Pistiner and Henderson,
2003; Tomascak, 2004). It has been shown that partial dis-
solution of basalts does not result in fractionation of lith-
ium isotopes, but that dissolution of granitic rock can
cause fractionation (Pistiner and Henderson, 2003). In
addition, adsorption onto mineral surfaces can also be a
mechanism of Li isotopic fractionation in the hydrosphere.
Sorption of Li from aqueous solutions by mineral phases at
the temperature of the Earth’s surface has been highlighted
by Taylor and Urey (1938), as well as by Anderson et al.
(1989). Li sorption experiments utilizing several minerals
(Pistiner and Henderson, 2003) have revealed that Li isoto-
pic fractionation does not occur when this element is not
incorporated into the structure of the solid (physical sorp-
tion). When Li is incorporated by stronger bonds (chemical
sorption), an isotopic fractionation is observed that is
dependent on the chemical structure of the minerals (Ang-
hel et al., 2002). The most significant Li isotopic fraction-
ation factor (dsotionsolid) ~ T14%, has been measured
for gibbsite. For Li sorption processes between solution
and different solids (clay minerals such as kaolinite and ver-
miculite, and freshwater sediments), Zhang et al. (1998)
have observed even higher Li isotopic fractionation factors
(Asolution—solid ~ +22%0)'

In the present paper, we have undertaken a systematic
study of the weathering products (both dissolved load
and suspended sediments) of the Mackenzie River Basin,

one of the major high latitude river basins of North Amer-
ica. This area is of particular interest because it has previ-
ously been extensively studied and is well characterized
from a lithology and weathering mass budget point of view
(Vigier et al., 2001; Millot et al., 2002; Gaillardet et al.,
2003; Millot et al., 2003). Also, there is a clear contrast be-
tween mountains and plains, with a fourfold increase of sil-
icate chemical weathering rates in the plains (Millot et al.,
2003). A direct comparison of silicate weathering rates
and river Li isotope compositions can be performed. In this
paper, we evaluate the potential of Li isotopes as a tracer of
silicate weathering processes in large mixed lithology basins
at the scale of a large river basin.

2. GEOLOGICAL SETTING AND SAMPLE
LOCATIONS

This study focuses on the Mackenzie River Basin and
adjacent river basins (Stikine, Nass, Skeena, Fraser, and
Yukon rivers). Most of the river waters and sediments
are from the Mackenzie River Basin itself (Fig. 1), which
is located in northwestern Canada under arctic and sub-
arctic climate. The mainstream of the Mackenzie River
was sampled at two locations (samples CAN96-6 at the
river mouth and CAN96-25 upstream). The main tributar-
ies of the Mackenzie River are the Red Arctic River
(CAN96-7), the Liard River (CAN96-26), the Peel River
(CAN96-5), the Peace River (CAN96-15 and CAN96-37),
the Slave River (CAN96-38) and the Athabasca River
(CAN96-42).

The Mackenzie River Basin is composed of three main
structural units, corresponding to different geomorphologi-
cal zones: namely, the Rocky and the Mackenzie Moun-
tains in the western part, the Interior Platform (lowlands),
and the Canadian Shield (in the eastern part), (Fig. 1). Riv-
ers belonging to a transition zone correspond to basins
draining the foothills located between the Rockies and the
low-lying plains. From a mass budget point of view, the
mainstream of the Mackenzie is mostly fed by tributaries
draining the Interior Plain. River samples from the adjacent
basins of the Yukon and Fraser Rivers are also considered
here because their geological contexts are similar to those of
the Upper Liard and Athabasca sub-basins, both located in
the Rocky Mountains. Finally, the main rivers draining the
Western Canadian orogenic belt were also analysed (Nass,
Skeena, and Stikine River).

Sampled rivers therefore drain a large range of litholo-
gies: volcanics and immature volcano-clastic sediments in
the Western Canadian orogenic belt (Stikine terrane), car-
bonates and slates in the Mackenzie Mountains, marine
and non-marine sedimentary rocks (Cambrian to Creta-
ceous limestones, shales and sandstones) in the Interior
Plains of the basin, and old silicate rocks (Archean granites
and gneisses) in the Slave Province of the Canadian Shield.

The chemical weathering conditions and physical ero-
sion rates differ greatly depending on the runoff and basin
lithology. Chemical denudation rates in this arctic zone
are rather low compared to other major river basins, as
determined by Millot et al. (2003) and Gaillardet et al.
(2003). Full details concerning river samples (geological
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Fig. 1. Map showing the sample locations within the Mackenzie River Basin and adjacent basins (Yukon, Stikine, Nass, Skeena and Fraser

Basin).

and hydrological contexts) have been published in Millot
et al. (2003) for the Mackenzie River Basin, in Millot

et al. (2002) for the rivers of the Canadian Shield and in
Gaillardet et al. (2003) for rivers of the Western Cordillera.
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3. ANALYTICAL METHODS

3.1. Sampling methodology, major and trace element
concentration measurements

River waters were sampled twice during the high flow
stage of the summer season (August 1996 and June 1999).
In the field, 10-15 L of river water was collected in acid-
washed containers for major and trace elements, and isoto-
pic measurements (Millot et al., 2003). Samples were fil-
tered a few hours later, using a Sartorius frontal filtration
unit (0.2 um cellulose acetate filter, 142 mm diameter).
After filtration, samples were stored in acid-washed poly-
propylene bottles. The river sediments were collected after
drying and centrifugation of the retentate of river water fil-
tration. The samples for cations and trace element concen-
trations and Li isotope analyses were acidified to pH 2 with
ultrapure HNOj;. Bottles for anion analyses were not
acidified.

Lithium concentrations (for river waters and suspended
sediment samples) were determined by ICP-MS (VG
PlasmaQuad I1+) with indium as an internal standard, with
a precision of +5%.

Major and trace elements are reported in Millot et al.
(2003) for the Mackenzie River Basin, in Millot et al.
(2002) for the rivers of the Canadian Shield, and in Gaillar-
det et al. (2003) for rivers of the Western Cordillera,
respectively.

3.2. Lithium isotope measurements

Lithium isotopic compositions were measured using a
Neptune Multi-Collector ICP-MS (Millot et al., 2004).
"Li/’Li ratios were normalized to the L-SVEC standard
solution (NIST SRM 8545, Flesch et al., 1973) following
the standard-sample bracketing method. Typical in-run
precision on the determination of 8’Li is about 0.1-0.2%,
(20, standard error of the mean).

Chemical separation of Li from the matrix was achieved
before isotope analyses, following a procedure modified
from the technique of James and Palmer (2000) that uses
a cationic exchange resin (a single column filled with
3mL of Bio-Rad AG® 50W-X12 resin, 200-400 mesh)
and HCI media (0.2 N) for 30 ng of Li. Blanks for the total
chemical extraction were less than 30 pg of Li, which is neg-
ligible since this represents a blank/sample ratio of <1072,

Successful quantitative measurement of Li isotopic com-
positions requires 100% Li recovery during laboratory pro-
cessing. Therefore, frequent column calibrations were
performed and repeated analysis of L-SVEC standard pro-
cessed through the columns shows that no isotope fraction-
ation occurred as a result of the purification process.

Accuracy and reproducibility of the isotopic measure-
ments were tested by repeated analyses of three Li standard
solutions (namely °Li-N, LiCI-N and Li-N, Carignan
et al., 2007). Mean values of 8"Li = —8.0%, + 0.3 (20, n =
38), &'Li=-+10.1%,+£0.2 (26, n=46) and &Li=
+30.2%,+ 0.3 (26, n=2389), were obtained for °Li-N,
LiCI-N and ’Li-N, respectively, over a period of
10 months. Thus, long-term reproducibility of the Li mass

analysis is better than 0.39, at the two sigma level for stan-
dard solutions (¢: standard deviation).

The accuracy and reproducibility of the entire method
(purification procedure + mass analysis) were tested by re-
peated measurement of a seawater standard solution
(IRMM BCR-403) after separation of Li from the matrix,
for which we obtained a mean value of 8’Li = +30.8%, +
0.4 (20, n = 15) over the period of the duration of the anal-
yses. This mean value is in a good agreement with our long-
term measurements (8'Li = +31.0%, £ 0.5, 20, n = 30, Mil-
lot et al., 2004) and with other values reported in the liter-
ature (see, for example Carignan et al., 2004; Tomascak,
2004, for a compilation).

For suspended sediments, as well as for sands and rocks,
a total digestion of 50 mg of crushed sample was performed
over 4 days at 100 °C in a closed beaker with a mixture of
three ultrapure acids: 4 mL of HF (23 N), 1 mL of HNO;
(14 N) and 0.1 mL of HCIO,4 (12 N). The solution was sub-
sequently evaporated to dryness and 4 mL of HCI (6 N)
was added and left for a further 4 days at 100 °C. Sample
aliquots (30 ng of Li) of the residue of the acid dissolution
were then dissolved in 0.5 mL of HCI (0.2 N), before being
placed on cation exchange columns for Li separation. Accu-
racy and reproducibility of the procedure for solid samples
(dissolution + purification procedure + mass analysis) were
tested by repeated measurement of the JB-2 basalt standard
(Geological Survey of Japan) which gave a mean value of
8'Li = +4.9%, + 0.6 (20, n = 17), in good agreement with
published values (see Jeffcoate et al., 2004; Tomascak,
2004; Carignan et al., 2007, for data compilation).

4. RESULTS
4.1. Dissolved phase

Lithium concentrations (Table 1) in the Mackenzie Ba-
sin river waters display a wide range of values, from
0.05 pmol/L (for the Skeena River in the Western Cordil-
lera) to 1.29 umol/L (for the Hay River located in the low-
lands). The Mackenzie River at the river mouth (CAN96-6)
has a Li concentration of 0.57 umol/L. The main tributar-
ies, which are mainly located in the low-lying plains, show
a mean value of Li of 0.63 pumol/L, (n = 11). The group of
rivers draining the Interior Platform display the highest Li
contents (mean value of 0.85 pmol/L, n=9). In contrast,
rivers of the Shield and the Western Cordillera areas dis-
play the lowest Li levels (~0.16 umol/L, n=4 and
~0.08 umol/L, n =3, respectively). Also, rivers draining
the Rocky Mountains have low Li contents (mean value
of 0.30 umol/L, n = 11). Finally, Li contents for rivers lo-
cated in the transition zone are intermediate between those
from the Rockies and those from the low-lying plains
(mean Li=0.54 umol/L, n =4).

Compared to the concentrations of dissolved Li re-
ported in the pioneering work of Reeder et al. (1972) for
the Mackenzie River system (Li ranging from <0.7 to
4.5 umol/L), our values are clearly lower in the present case
(from 0.05 to 1.29 pmol/L). This difference is likely to be re-
lated to the method used for the Li determination in waters.
Indeed, Reeder et al. (1972) reported a detection limit of
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Table 1

Lithium isotopic composition 8’Li (%,) and concentrations (umol/L) for rivers waters of the Mackenzie Basin and the Western Cordillera.
Analytical precision for each 8"Li measurement is reported in this table and range from 0.1%, to 0.3%, (26,m). As mentioned in the analytical
section, the total reproducibility is +0.5%, (26) and has been determined by long-term repeated measurements of a seawater sample (Millot
et al., 2004). Surface area (km?), river discharge (km?/year), runoff (mm/year) and silicate weathering rates (tons/km?*/year and mg/L) have

also been added in this table (from Millot et al., 2003).

Tributaries Sample River name 8"Li (%) 20m Li Area Discharge Runoff Silicate weathering rate
number (umol/L) (km?) (km®/year) (mm/year) (tons/ (mg/L)
km?/year)
Main tributaries CAN96-5 Peel (Fort McPherson) +13.3 0.1 0.71 70,600 21.65 307 1.73 5.63
CAN96-6 Mackenzie (Tsiigehtchic) +15.0 02 0.57 16,80,000 283.70 169 1.03 6.12
CAN96-7 Red Arctic (Tsiigehtchic) +13.8 0.1 0.89 18,600  5.02 270 1.37 5.08
CANO96-15  Peace (Peace River) +15.2 02 0.23 186,000 57.75 310 0.92 2.96
CANO96-25  Mackenzie (Fort Simpson)  +16.5 0.3 0.53 12,70,000 137.90 139 1.05 7.57
CAN96-26  Liard (Fort Simpson) +14.3 0.1 0.63 275,000 77.32 281 1.19 4.24
CAN96-37  Peace (Peace Point) +15.4 0.1 0.52 305,500 67.01 219 1.30 5.92
CAN96-38  Slave (Fort Smith) +15.5 0.2 0.60 616,400 100.98 164 1.14 6.94
CAN96-42  Athabasca (Fort McMurray) +12.7 0.2 0.86 131,000 20.86 159 1.94 12.19
Rocky and CAN96-4 Yukon (Dawson) +17.9 0.2 0.32 — — — — —
Mackenzie CAN96-19  Racing +12.2 0.1 043 1900  2.30 1209 0.65 0.53
Mountains CAN99-5 Athabasca (Hinton) +15.4 0.2 045 9780  5.46 558 0.49 0.88
CANO96-21  Liard (Liard River) +12.9 0.1 0.36 33,400 11.71 351 0.79 2.24
CAN99-21 Fraser +17.5 0.1 0.11 — — — — —
CAN99-46  Liard (Upper Liard) +20.5 0.1 0.19 33,400 11.71 351 0.64 1.83
CAN99-54  Smith +12.6 0.1 0.19 3740  0.77 207 0.13 0.62
CAN99-56  Liard (Liard River) +18.3 02 0.19 - — — — —
CAN99-60  Toad +15.8 0.1 0.50 2570 1.37 532 0.55 1.04
CAN99-64  Racing +13.0 0.1 0.36 1900  2.30 1209 0.65 0.54
CAN99-74  Peace (Hudson’s Hope) +17.0 02 0.18 69,900 34.71 497 0.89 1.79
Interior Platform CAN96-14  Little Smoky +11.8 0.2 0.69 3010  0.77 257 242 9.43
CAN96-33  Hay (mouth) +16.3 0.1 1.29 47,900  3.60 75 1.34 17.84
CAN96-40  Lesser Slave +10.1 0.1 1.21 13,600  1.32 97 1.28 13.21
CAN99-1 Pembina (Evansburg) +16.8 0.1 0.53 2900  1.12 386 433 11.21
CAN99-2 McLeod +15.4 0.1 0.85 9100  2.11 232 2.71 11.68
CAN99-71  Doig +13.3 0.1 1.02 - — — — —
CAN99-72  Beatton +11.4 0.1 0.51 - — — — —
CAN99-79  Simonette +11.4 0.1 1.02 5050  1.16 229 3.94 17.17
CAN99-80  Little Smoky +12.9 0.1 0.58 3010  0.77 257 2.38 9.26
Transition CAN96-13  Athabasca +14.8 0.2 0.29 — — — — —
mountain/plain  CAN96-16/1 Smoky +12.1 0.1 0.56 51,300 11.83 231 1.90 8.22
CAN96-23  Fort Nelson +11.8 0.1 0.89 - — — — 5.98
CAN99-78  Smoky +9.3 0.1 041 51,300 11.83 231 0.80 3.48
Canadian Shield CAN96-31  Yellowknife +26.9 0.1 0.17 16,300  1.16 71 0.27 3.80
CAN99-84  Wecho +26.0 0.2 0.20 3400  0.31 90 0.39 4.28
CAN99-86  Wopmay +25.2 0.1 0.07 — — — 0.33 2.83
CAN99-90  Yellowknife +29.0 0.1 0.19 16,300  1.16 71 0.28 3.87
Western CAN99-28  Skeena +24.9 0.2 0.05 42,200 30.36 719 4.20 5.84
Cordillera CAN99-30  Nass +21.6 0.1 0.09 19,200 24.68 1285 5.00 3.89
CAN99-39  Stikine +21.7 0.1 0.10 29,300 23.83 811 4.10 5.06

0.70 pmol/L (~5 pg/L) by atomic adsorption in the early
1970s, whereas it is now ~0.01 umol/L using modern
ICP-MS techniques. Consequently, it is obvious that Ree-
der et al. (1972) were not able to measure low lithium con-
centrations in some of the rivers of the Mackenzie Basin
(indeed Li was not detected in 49 samples of their suite of
101 river samples).

Lithium isotopic compositions in the Mackenzie River
waters (Table 1) range from &8'Li=+9.3 (for the Smoky
River located in the transition zone) to +29.09,, (for the
Yellowknife River located in the Slave Province). Rivers
from the lowland regions vary from +10.19, to +16.89%,

with an average of +13.29%,. Rivers from the Rockies dis-
play higher 8'Li values (from +12.2%, to +20.5%,, with
an average of +15.79,), when compared to rivers draining
the plains. Rivers draining the Western Cordillera and the
Canadian Shield show the heaviest isotope compositions,
with 8’Li ranging between +25.2%, and +29.0%, for the
Shield rivers and between +21.69,, and +24.99, for the wes-
tern orogenic belt (Stikine terrane).

An inverse relationship of Li isotopic composition with
Li concentrations is observed for the Mackenzie River sys-
tem (Fig. 2). It is clear from this figure that the different
physiographic provinces in the basin are characterized by
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Fig. 2. Inverse correlation of Li isotopic composition and Li concentration in the dissolved load. In this diagram, the geomorphorphic

provinces of the Mackenzie River Basin are well distinguished.

different domains. The large tributaries display &’Li values
that essentially reflect the mixture of waters from the moun-
tains and waters from the lowlands, in the range +12.79, to
+16.5%, (with an average of +14.69,,). The Mackenzie Riv-
er at river mouth (CAN96-6) shows a &’Li value of
+15.09%,, close to both values reported by Huh et al.
(1998) for the Mackenzie River mainstream (+17.99, and
+15.79%,, respectively).

4.2. River sediments and bedrocks

Lithium concentrations in suspended sediments of the
Mackenzie Basin rivers (Table 2) range between 17.8 pg/g
(for the Mackenzie River at river mouth) and 57.8 pg/g
(for the Trout River in the Rockies). Lithium contents of
the Mackenzie suspended sediments show almost the same
range as that determined for the suspended sediments of the
Orinoco Basin (from 5.2 to 71.3 pg/g, see Huh et al., 2001)
and are close to the mean value of 354 11 pg/g reported
for the Upper Continental Crust (UCC) by Teng et al.
(2004).

The isotopic composition of the suspended sediments
range from —1.79, to +3.2%, with a mean value of
+0.49, (n =20, Table 2), identical, within uncertainties,
to the estimate of the UCC (8’Li from —29%, to +2%,, Teng
et al., 2004). Suspended sediments from the main tributaries
of the Mackenzie Basin display slightly negative 8’Li values
(from —1.6%, to —0.2%,) whereas 8’Li of suspended sedi-
ments of rivers located in the Rocky Mountains are slightly
positive (from +0.3%, to +3.2%,). The suspended sediments

of the Nass and Stikine Rivers (Western Cordillera) exhibit
positive and similar isotope signatures (3’Li = +1.0%, and
+1.29%,, respectively). As for Li content, the range of 8’Li
for suspended sediments of the Mackenzie Basin is compa-
rable with the values obtained by Huh et al. (2001) for sil-
icate regions of the Orinoco Basin. 8’Li values measured in
suspended sediments are also in good agreement with the
range reported by Kisakiirek et al. (2005) for the Himala-
yan rivers (—3.9%, to +3.0%,).

The sand sample collected at the mouth of the Macken-
zie River (CAN96-6) has a Li concentration of 47.4 ug/g,
which is lower than the Li content of the corresponding sus-
pended material (57.8 pg/g) and a Li isotopic composition
of —0.5%,, not significantly different from that of the corre-
sponding suspended sediments (—0.9%,).

Bedrocks (carbonates and black shales) sampled in the
basin, and assumed to be representative of the main type
of rocks exposures, display Li contents ranging between
1.5 and 64.4 pg/g (Table 3). The carbonate samples from
the Rocky Mountains (CAN99-65) display the lowest con-
centration (1.5 ug/g), in agreement with literature data re-
ported for other carbonates (e.g. Huh et al., 2001;
Hathorne and James, 2006). In contrast, Li contents in
black shales from the Interior Platform are high (29.1 and
64.4 ug/g). Two glacial tills sampled within the Slave Prov-
ince (Yellowknife and Prosperous Lake) display different Li
concentrations of 16.2 and 54.6 pg/g, respectively.

The carbonate sample (CAN99-65, Rocky Mountains)
has the highest 8’Li value (+7.2%,), in agreement with other
values reported for continental carbonates by Huh et al.
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Table 2

Lithium isotopic composition 8’Li (%) and concentrations (jug/g) in suspended sediments for rivers from the Mackenzie Basin and adjacent
basins draining the Canadian orogenic belt (Western Cordillera). Na and Al concentrations are also given in pg/g.

Tributaries Sample number  River name 87Li (%) 20m Li(ng/g) Na(ug/g) Al (ug/g)
Main tributaries CAN96-6 Mackenzie (Tsiigehtchic) — —0.9 02 578 3710 70,200
CAN96-7 Red Arctic (Tsiigehtchic) —1.6 0.1 56.8 2819 73,535
CAN96-26 Liard (Fort Simpson) -1.3 0.2  46.1 3339 71,206
CAN96-38 Slave (Fort Smith) -0.2 0.1 41.2 5268 67,447
Rocky and Mackenzie Mountains ~CAN99-5 Athabasca (Hinton) +2.6 0.2 28.9 — —
CAN99-16 Athabasca (Falls) +3.2 0.1 19.4 — —
CAN99-21 Fraser +1.4 0.1 48.3 10,387 92,276
CAN99-44 French +1.7 0.2 17.9 4377 46,059
CAN99-46 Liard (Upper Liard) +0.9 02 351 8235 65,224
CAN99-51 Hyland +0.3 0.1 44.3 8458 71,206
CAN99-53 Coal +0.3 0.1 46.2 7939 70,306
CAN99-57 Trout +2.8 0.2 17.8 3042 32,082
Interior Platform CANO96-14 Little Smoky —-0.5 0.1 37.8 5713 79,888
CANY99-72 Beatton -1.7 02 514 2968 77,294
CAN99-73 Halfway +0.6 0.1 30.5 2968 50,029
Transition mountain/plain CAN9%6-16 Smoky —0.4 0.1 38.9 5565 76,024
CAN99-78 Smoky -0.1 0.1 353 4674 64,376
CAN96-23 Fort Nelson -1.2 02  56.1 3190 74,965
Western Cordillera CAN99-30 Nass +1.0 0.2 37.6 14,690 73,376
CAN99-39 Stikine +1.2 0.1 24.5 15,358 75,071

Table 3

87Li (%,) and Li concentrations (pg/g) in sand samples from the Mackenzie River at the river mouth (CAN96-6), as well as in carbonate, black

shales, and two glacial tills sampled on the Canadian Shield.

Tributaries Sample type Sample number Sample name/location 87Li (%) 20m Li (ng/g)
Main tributaries Sand CAN96-6 Mackenzie at Tsiigehtchic -0.5 0.1 47.4
Rocky and Mackenzie Mountains Black shale CAN99-5 Athabasca at Hinton -1.0 0.2 29.1
Carbonate CAN99-65 McDonald +7.2 0.1 1.5
Transition mountain/plain Black shale CAN99-70 Sikanni Chief —1.1 0.1 64.4
Canadian Shield Glacial till CAN96-31 Yellowknife +4.8 0.2 16.2
Glacial till Prosperous Lake +5.2 0.2 54.6

(2001). This value is likely to reflect a mixing between pure
marine carbonate (87Li>+25%0, Tomascak, 2004; Hall
et al., 2005; Hathorne and James, 2006; Vigier et al.,
2007) and detrital phases with much lower 3’Li values
and higher Li contents. 8'Li for the black shales are nega-
tive (—1.0%, and —1.1%, for the Interior Plains and for
the transition zone samples, respectively), but remain close
to the estimate of the UCC. Finally, the two glacial till sam-
ples display relatively similar 8"Li values of +4.8%, and
+5.2%,, respectively.

5. DISCUSSION
5.1. Sources of dissolved lithium

The sources of dissolved lithium in the river waters of
the Mackenzie Basin can be assumed to be either released
by rock weathering (including solubilisation of the bedrock,
and destabilisation or desorption from secondary minerals),
derived from the atmosphere (via precipitation or wet depo-

sition), or derived from groundwater input. First of all,
atmospheric input can be evaluated using chloride concen-
trations if no evaporite is present within the drainage basin.
This is the case for most of the rivers of the Mackenzie Ba-
sin, as shown by Millot et al. (2002, 2003) and Gaillardet
et al. (2003). In particular, rivers draining the Shield area,
characterized by low chemical weathering rates, are good
candidates for estimating the atmospheric input of Li. Riv-
ers draining the Canadian Shield have low dissolved Li con-
tents (from 0.07 to 0.2 pmol/L) and display the highest 5’Li
values, close to that of the ocean (8'Li = +31.0%,), a priori
suggesting a marine origin for Li via seasalt input through
precipitation. Then, if we assume that all chloride in the
Shield rivers (with Li/Cl=35 x 107> and &8"Li=+25.2%,
on average) is of atmospheric origin and that marine salts
have seawater Li/Cl molar ratios of 5x 107> and
8’Li = +31.0%,, it can be calculated that only a small frac-
tion of riverine Li (<1%) in these rivers originates from sea-
salt input through precipitation. The same calculation for
rivers draining the Western Cordillera (i.e. the rainy region:
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15001750 mm/year compared to 350 mm/year in the
Shield area) indicates that a maximum of only ~0.4% river-
ine Li could have been supplied by precipitation.

We provided evidence in a previous paper (Millot
et al., 2002), that the rivers of the Shield area (Slave Prov-
ince) are characterized by a chloride excess compared to a
pure marine input, and we attributed their relatively high
Cl concentrations to the dissolution of evaporite-type
aerosols derived from the dry area located south of the
Great Slave Lake. Cambrian evaporites occur at the base
of the sedimentary basin of the lowlands, and these have
contributed to redeposited salt in modern lakes. The Salt
River is one of the rivers that is highly influenced by the
dissolution of these formations. Although this river was
not analysed in the present work, Li and Na concentra-
tions of the Salt River (Li=4.5pumol/L and Na=
276.45 mmol/L) have been reported by Reeder et al.
(1972). The typical Li/Na ratio of this river is
1.6 x 107° mol/mol. Considering this ratio along with
the highest Cl concentration found in rivers draining the
Slave Province (80 pmol/L), we estimate there is a negligi-
ble Li input from evaporites in the Shield rivers (less than
0.4% of lithium derived from evaporite).

In summary, our calculations indicate that the contribu-
tion of Li coming from precipitation and wet deposition is
negligible, and that dissolved Li in all sampled rivers is
mainly derived from weathering of silicate and carbonate
rocks. Although carbonates have relatively low Li concen-
trations (<1 pg/g) compared to silicates (higher than
50 ug/g), their higher dissolution rates may make them a
significant source of Li in carbonate rich-regions. Millot
et al. (2002) showed that the areas of the Mackenzie Basin

which are most influenced by carbonate dissolution are the
Rocky and Mackenzie Mountains. In contrast, the low-
lands are less influenced by this lithology and the Shield
area displays no input from carbonate weathering.

The proportions of lithium derived from silicate and car-
bonate weathering can be calculated from the results of the
inversion model (Millot et al., 2003) which allowed us to
determine, for each major element present in the dissolved
phase, the proportion derived from the weathering of sili-
cate and carbonate end-members within the Mackenzie
River Basin. We use a mean Li/Ca molar ratio of
15 x 107 for carbonates, in agreement with Li/Ca molar
ratios ranging from 10 x 107° to about 20 x 107° reported
in carbonates elsewhere (Hall and Chan, 2004; Lear and
Rosenthal, 2006; Hathorne et al., 2009), and determine that
the carbonate end-member contribution is very low for lith-
ium. Between 90.5% and 99.4% of dissolved lithium is thus
derived from silicate weathering in the Mackenzie River Ba-
sin (Fig. 3).

These estimates agree well with previous studies that
have inferred that most riverine Li derives from silicate
lithologies (Huh et al., 1998; Kisakiirek et al., 2005). In
addition, the absence of a correlation between Li and Sr
isotopic ratios (from Millot et al., 2003) argues against a
carbonate weathering control on riverine Li isotopic com-
position. We therefore conclude that Li concentrations in
the dissolved load of rivers in the Mackenzie Basin are
essentially controlled by silicate weathering. Dissolved Li
isotopic compositions are however highly variable within
the Mackenzie River Basin (from +9.3%, to +29.09,), sug-
gesting variable fractionation of Li isotopes during silicate
weathering.
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Fig. 3. Histogram for Li contribution coming from silicate weathering (%) in Mackenzie River water samples.
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5.2. Li isotopes and silicate weathering regimes

5.2.1. Evidence for isotope fractionation during chemical
weathering

River dissolved loads are systematically enriched in "Li
relative to bedrocks and suspended particles (Fig. 4). In this
regard, lithium is similar to boron (Lemarchand and Gail-
lardet, 2006). However, the dissolved loads exhibit a large
range of 8’Li values across the sampled rivers. A part of
this variability may derive from the 8’Li of bedrocks, which
might differ between the main provinces of the Mackenzie
Basin. Literature data indicate that the Li isotopic compo-
sition of continental granites (—29%, to +3%,, Teng et al.,
2004, 2006, 2008, 2009) is slightly different from the shales
and loesses from which they were derived (—3%, to +59%,).
The Li isotopic composition of the Canadian Shield bed-
rock (mainly consisting of granites and associated crystal-
line rocks, Millot et al., 2002) is averaged in the glacial
till samples reported in Table 3. In concordance with liter-
ature data, the 8’Li values measured in till samples are
higher than those measured in the bedrocks from the low-
lands and the Rocky Mountains (which are mainly recycled
materials such as shales, black shales, slates and a few low
grade metamorphic rocks). In Fig. 4, we report 8’Li values
in silicate bedrocks compiled from the literature together
with the results from this study. Suspended sediment and
sand samples from the Mackenzie Rivers fall within the
range of bedrocks defined by our bedrock samples and by
literature data (Fig. 4). However, a positive trend between

8’Li and Na/Al is observed (Fig. 5). Due to the high solu-
bility of Na during chemical weathering compared to Al
which is immobile, the Na/Al ratio can be regarded as “a
weathering index”. The low Na/Al ratios associated with
low 8’Li values suggests that lithium isotopes are fraction-
ated by chemical weathering processes. The direction of the
fractionation in the suspended sediments is consistent with
the enrichment of "Li in the dissolved load since the lowest
Na/Al are associated with the lowest 8"Li. Because the sus-
pended sediments of the Mackenzie Rivers are essentially
derived from sedimentary rocks (the Shield area does not
contribute significant sediment), it is difficult to conclude
whether the Na loss recorded in the Na/Al ratio is due to
present day weathering conditions, or whether the low
Na/Al ratios are inherited from previous cycles of erosion
and sedimentation. Examples of shale composites reported
in the literature, such as the PAAS or NASC (Post Archean
Australian Shale and North American Shale Composite:
Holland, 1978; Taylor and MacLennan, 1985) do indeed
show Na depletion compared to granodioritic Upper Con-
tinental Crust (Taylor and MacLennan, 1985; Gaillardet
et al., 1999). Given the low grade silicate weathering in
the Mackenzie River Basin (Millot et al., 2003), and the
overlap of bedrock and suspended sediment Li isotopic
compositions (Fig. 4), we favour the hypothesis that Na/
Al in the suspended sediments essentially records bedrock
geochemistry rather than present day weathering products.
Therefore the trend of increasing Li isotopic composition
with Na/Al ratio (Fig. 5) is likely inherited from the
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Fig. 4. Histogram of Li isotopic composition in the dissolved and suspended loads of the Mackenzie Rivers. Bedrock values from this study
(four values) and from a compilation of literature data on shale, granite and loess (Teng et al., 2004) are added for comparison. This figure
clearly shows the ’Li enrichment of the dissolved phase compared to bedrocks, while suspended sediments and bedrocks are essentially

similar.
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bedrock history. From a mass budget perspective, it is not
easy to estimate the partitioning of Li transported in the
dissolved and particulate load because chemical weathering
does not proceed at steady state (Vigier et al., 2001). How-
ever, the above considerations suggest that the dissolved
load clearly reflects the fractionation of Li isotopes during
chemical weathering (with the enrichment of “Li in the
fluid), while the suspended phase is not significantly differ-
ent from the bedrock. In other words, the dissolved load is
sensitive to water-rock interactions, but solids are not, be-
cause chemical weathering is too weak. Investigating in
more detail the isotopic composition of Li in river sus-
pended sediments as a function of weathering rate is be-
yond the scope of the present paper, but would be
interesting to do at large scale. The next section focuses
on the dissolved load.

5.2.2. Influence of the weathering regime

We show in the following that the range of Li isotopic
composition measured in the rivers of the Mackenzie Basin
is related to the weathering regime.

The Li/Na* ratio in the dissolved load, when compared
to that in the bedrock can be used as an index of Li mobility
compared to Na. Both elements are alkali metals, thus mo-
bile during water-rock interactions. As shown by a number
of previous studies, in contrast to Na, Li is likely to be
incorporated into secondary minerals, such as clays. By
analogy with the study of Georg et al. (2007) concerning
the mobility of Si isotopes during chemical weathering in

Iceland, we can define f;, the fraction of Li remaining in
solution relative to Na, as:

(Ll/Na* ) dissolved
(Ll/Na)bedrock

where Na® is the Na concentration corrected for atmo-
spheric input and for evaporite dissolution using the results
of Millot et al. (2003). Correction for evaporite dissolution
only significantly affects a few samples. A value of 1 for fi;
means that chemical weathering is congruent. While disso-
lution is usually thought to be incongruent, precipitation of
secondary phases is the most probable process that will
fractionate Li and Na, Li being known to have affinity
for clay minerals, while Na is much more mobile and hardly
reincorporated into clay minerals.

We used the suspended sediment compositions, where
available, to estimate the bedrock Li/Na ratio. In the Cana-
dian Shield province, because rivers at the time of sampling
contained very low levels of suspended sediment, we used
two glacial till samples (Table 3) which display contrasting
Li/Na ratios. The calculated f; ; in the rivers of the Macken-
zie Basin range between 0.1 (in the lowlands and main trib-
utaries) and 0.8 in the rivers of the Shield area. Intermediate
values are found in the Rocky Mountains and in the Wes-
tern Cordillera. This indicates that the reincorporation of
Li into secondary phases is more important in the lowlands
and main tributaries than in the Cordillera and Rocky
Mountain samples. In Fig. 6, the dissolved Li/Na in the
Shield rivers were normalized to the Prosperous Lake till

Ju= (1)
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sample. If the till sample CAN96-31 (Yellowknife) is used
as a reference for the parent bedrock in the Slave Province,
then f1; values higher than 1 are found. Values of f;; higher
than 1 would mean a preferential leaching of Li compared
to Na. Although Prosperous Lake till sample is our pre-
ferred bedrock estimate here, we nevertheless consider f;;
higher than 1 (and CAN96-31 as a source rock) as a possi-
ble scenario. Despite these uncertainties on the bedrock in
the Shield province, fi; provides a relative indication of
Li mobility during weathering.

When the isotopic composition of dissolved lithium is
plotted as a function of fi;, a correlation appears (Fig. 6).
This correlation can be explained by a binary mixing be-
tween waters draining areas characterized by two markedly
different weathering regimes.

The first end-member needed to account for the correla-
tion between f;; and 8'Li of the dissolved load corresponds
to a weathering regime where Li is significantly precipitated
in the solids compared to Na, most probably incorporated
into Li-rich secondary minerals (clays). The lowlands and
the transition zone areas best characterize this weathering
regime since they display the lowest fi; values. Numerous
studies have shown that Li isotopes are fractionated during
the formation of secondary minerals. The ~139, isotopic
shift between the composition of the dissolved load and
the bedrock in the lowlands is, to a first order, compatible
with the estimated clay-solution isotopic fractionation at

equilibrium (Taylor and Urey, 1938; Chan et al., 1992;
Zhang et al., 1998; Pistiner and Henderson, 2003; Vigier
et al., 2008). The formation of secondary solids, being
kinetically limited, requires a favourable environment.
Using boron isotopes, Lemarchand and Gaillardet (2006)
have suggested that most of the dissolved boron in rivers
is derived from the shallow groundwater system (drift aqui-
fers). As shown by Lemay (2002), high lithium concentra-
tions (3-15umol/L) are also measured in these
groundwaters. The correlation between boron and lithium
concentrations that links both rivers and groundwaters
(Fig. 7) strongly argues for a significant input of Li to the
lowland rivers from groundwaters. Because groundwaters
have long residence times relative to surface waters, chem-
ical weathering reactions can proceed further than in the
Shield or Rocky Mountains areas where the residence time
of water is not sufficiently long (Lemarchand and Gaillar-
det, 2006). We therefore suggest that the residence time of
water in groundwater counteracts the effect of low temper-
ature and favours the formation of secondary minerals that
fractionate Li isotopes (Fig. 6) at equilibrium.

The second end-member in Fig. 6 corresponds to the
Shield and Rocky Mountains areas, and displays the high-
est 8'Li and fi; values. This situation may appear as a par-
adox because f;; indicates no or low Li incorporation in
secondary products of weathering, while the isotopic shift
between Li in the bedrock and dissolved Li is at its
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maximum (from +169, to +229,). The Rocky Mountains
and the Shield province are areas characterized by particu-
larly low chemical weathering rates (Millot et al., 2003), in
contrast to the lowlands. These regions have been deglaci-
ated relatively recently and are characterized by abundant
bare rocks and poorly developed soils. The Rocky and
Mackenzie Mountains areas have relatively high river sedi-
ment yields with sediments mostly derived from glacial ero-
sion (Millot et al., 2003) and not from soils. The Shield area
is characterized by important glacial till deposits. Several
hypotheses can be invoked to explain the enrichment of
"Li in the waters of the Rocky Mountains and of the Shield
area. The most evident possibility is that the formation of
some secondary mineral could fractionate Li isotopes. As
indicated by the f1; values close to 1, the incorporation of
Li into secondary phases should not be quantitatively
important in these regions but should however be visible
in terms of isotope fractionation. A good candidate is Mn
and Fe-oxyhydroxide minerals. Adsorption of Li onto Fe-
and Mn-oxyhydroxide surfaces have been reported by
Chan and Hein (2007) with preferential enrichment of °Li
in the deposit, thus consistent with the observed heavy iso-
tope enrichment in the fluids. A recent study reports the
enrichment of the heavy isotope of Li in the dissolved load
of glacial and non-glacial rivers from Greenland and attri-
butes it to the preferential uptake of °Li during inner sphere
sorption of Li™ on the Fe-oxyhydroxide surfaces (Wimpen-
ny et al., 2010). The same mechanism can be invoked here.
The difference between the study of Wimpenny et al. (2010)

and our study is that the Shield rivers, that have "Li-en-
riched waters, are not sulphate-rich and therefore that sul-
phide oxidation, a mechanism proposed by the authors to
explain the abundance of Fe-oxides in Greenland, is not
applicable to the Shield rivers. The presence of Fe-oxyhy-
droxides minerals in the Shield rivers could be tested by
analysing Mn and Fe river deposits often found in river
bedloads, at the surface of blocks and boulders for exam-
ple. In addition, saturation state calculations (using PHRE-
EQC modelling) indicate that the waters are supersaturated
with respect to goethite in this area.

A second possibility to explain the enrichment of "Li in
the dissolved load of the Shield and Mackenzie Mountain
rivers could be a fractionation of Li isotopes during mineral
dissolution. Experimental work on basalt dissolution does
not show evidence of Li isotope fractionation during disso-
lution (Pistiner and Henderson, 2003), but we can imagine a
number of natural processes potentially able to fractionate
Li isotopes during mineral dissolution. The preferential re-
lease of "Li could be possible either by the preferential dis-
solution of "Li-enriched phases, or as a transient effect of
the leaching process with formation of unstable secondary
phases such as Si-gel layers around minerals. So far, Li iso-
tope heterogeneity at the mineral scale has not been ob-
served within a single bedrock, but we cannot exclude the
existence of low temperature minerals that would show
"Li enrichments. What is interesting here is that the "Li
enrichment in waters is observed in the geological context
of glacial erosion (still active in the Rockies and in the form
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of glacial deposits in the Shield area). The abundance of
fine glacial flour allows specific weathering reactions to oc-
cur, that have been observed experimentally (in columns of
grind granitic material, White et al., 1998) or in nature
(Anderson et al., 1989). In particular fast dissolving acces-
sory phases like carbonates and sulphides have been shown
to contribute significantly to solute export in the early
stages of weathering.

Whatever the reason for Li isotope fractionation, our
data do show that incipient weathering of rocks can pro-
duce "Li-enriched fluids. The similar enrichments found in
Greenland (Wimpenny et al., 2010) or in very recently
deglaciated moraine in the granitic Swiss Alps (Lemarc-
hand et al., 2009) shows that Li isotopes are very sensitive
to the early stages of chemical weathering. Future studies
will be necessary to investigate Li isotope fractionation in
incipient weathering conditions and the isotopic heteroge-
neity of bedrocks to precisely determine the mechanisms
that result in the preferential release of heavy Li isotopes
in solution.

According to the above discussion, all sampled rivers in
the Mackenzie Basin have an isotopic composition reflect-
ing a mixture of water masses that have interacted with bed-
rock minerals according to two contrasting weathering
regimes. On one hand, oxyhydroxide formation and/or
leaching of comminuted bedrock produces ’Li-enriched
waters, similarly to that occurring in glacial and non-glacial
rivers from Greenland. On the other hand, the more opti-
mum weathering conditions of the low-lying plain aquifers
will produce waters with Li isotopic compositions lower by
about 20%,. As indicated by the previous studies of our
group, the weathering rates of silicates in these two con-
trasted environments differ by a factor of 3-4, probably
accelerated in the lowlands by the contribution of ground-
waters (Lemarchand and Gaillardet, 2006) and the chelat-
ing effects of organic matter (Millot et al., 2003). The Li
isotopic data presented here show that the Li isotopic signa-
ture of waters is more influenced by the precipitation of spe-
cific secondary phases than weathering rates. The
relationship between chemical weathering rates of silicates
(calculated from the inversion of major element concentra-
tions and Sr isotopic ratios by Millot et al., 2003), and 8’Li
measured in the dissolved loads is shown in Fig. 8a. There is
no clear relationship at the scale of the Mackenzie River
Basin between the Li isotopic composition and the specific
flux of chemical denudation, showing that secondary min-
eral formation is not necessarily related to denudation
fluxes. In particular, the high fluxes observed for the Wes-
tern Cordillera and visible in Fig. 8 are due to the combined
effects of runoff and the volcanic nature of bedrocks (Gail-
lardet et al., 2003). The absence of a relationship between
chemical denudation rate and water lithium isotopic com-
position is in contrast with the relationship observed on
small monolithologic rivers in Iceland (Vigier et al., 2009).

Two trends of 8’Li with total dissolved load derived
from silicate weathering in mg/L are observed (Fig. 8b),
corresponding to the two weathering regimes described
above. The first trend of increasing "Li enrichment with dis-
solved solutes only contains samples from the Shield and
Rocky—Mackenzie Mountains from the first weathering re-

gime described above. By contrast, the waters most influ-
enced by the second weathering regime show constant Li
isotopic composition with total dissolved load concentra-
tion derived from silicate weathering. Fig. 8b confirms the
broad idea that Li isotopes are indicative of the regime
weathering. Regimes characterized by secondary clay for-
mation have Li isotopic composition between 10%, and
15%, and show no relationship with silicate weathering
rates, while weathering regimes characterized by incipient
weathering, or weathering of comminuted bedrocks, are
characterized by higher Li isotopic composition.

6. CONCLUSIONS

The Li isotopic composition measured in the rivers of
the Mackenzie Basin shows that "Li is enriched in the dis-
solved load and that 8’Li can vary by 20%, within a large
river basin. The 8’Li of the particulate load reflects that
of the bedrock and ranges between —29%, and +3%,. Our
study shows that dissolved Li in river waters is essentially
derived from the weathering of silicates and that Li isotopic
ratios of the dissolved load depends on the weathering re-
gime of silicates.

If Na is considered as a soluble element not incorpo-
rated in secondary phases, river waters showing Li/Na ra-
tios much lower than the bedrock ratio have the lowest
isotopic compositions. Although the fractionation coeffi-
cients between solution and newly formed solids remain
poorly known and need to be better constrained by exper-
imental work, our isotopic data are consistent with the
incorporation of Li into clay minerals at equilibrium.
Groundwaters, in particular shallow aquifers in the low-ly-
ing plains of the basin, seem to play an important role in the
acquisition of the dissolved Li isotope composition, proba-
bly because high residence times favour the formation of
clay mineral. The most "Li-enriched waters are observed
in the Rocky Mountains and in the Shield areas of the ba-
sin. In these areas, by analogy to previous work in Green-
land (Wimpenny et al., 2010), we suggest that high &’Li
values in rivers result from the fractionation associated with
Li sorption onto Mn- and Fe-oxyhydroxide surfaces. How-
ever, another mechanism could be that leaching is likely to
be a non-negligible process of water-rock interaction due to
surficial or incipient weathering, being able to produce "Li-
enriched waters. Experimental work will be necessary for
better understanding the behaviour of Li isotopes in incip-
ient weathering regimes.

To summarize, this large scale study shows that dis-
solved Li is essentially derived from silicate weathering
but shows that silicate weathering does not have a unique
isotopic signature. A very large variability of Li isotopic ra-
tios exists within the Mackenzie Basin and is strongly spa-
tialized. This is an important result if Li isotopes in the
ocean are to be used as a proxy for the secular evolution
of the Earth’s surface. This study suggests that, rather than
weathering fluxes, the weathering regime controls the Li
isotopic signature of silicate weathering. Future work will
have to address the role of the different parameters that de-
fine the weathering regime: time, climate, hydrological set-
ting, residence time of water, biological parameters.
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Abstract

Over the last decade it has become apparent that Li isotopes may be a good proxy to trace silicate weathering. However,
the exact mechanisms which drive the behaviour of Li isotopes in surface environments are not totally understood and there is
a need to better calibrate and characterize this proxy. In this study, we analysed the Li concentrations and isotopic compo-
sitions in the various surface reservoirs (soils, rocks, waters and plants) of a small forested granitic catchment located in the
Vosges Mountains (Strengbach catchment, France, OHGE http://ohge.u-strasbg.fr). Li fluxes were calculated in both soil
profiles and at the basin scale and it was found that even in this forested basin, atmospheric inputs and litter fall represented
a minor flux compared to input derived from the weathering of rocks and soil minerals (which together represent a minimum
of 70% of dissolved Li). Li isotope ratios in soil pore waters show large depth dependent variations. Average dissolved &’Li
decreases from —1.19%, to —14.49,, between 0 and —30 cm, but is +30.7%, at —60 cm. This range of Li isotopic compositions is
very large and it encompasses almost the entire range of terrestrial Li isotope compositions that have been previously
reported. We interpret these variations to result from both the dissolution and precipitation of secondary phases. Large iso-
topic variations were also measured in the springs and stream waters, with 8’Li varying from +5.3%, to +19.6%,. & Li
increases from the top to the bottom of the basin and also covaries with discharge at the outlet. These variations are inter-
preted to reflect isotopic fractionations occurring during secondary phase precipitation along the water pathway through the
rocks. We suggest that the dissolved 8’Li increases with increasing residence time of waters through the rocks, and so with
increasing time of interaction between waters and solids. A dissolution precipitation model was used to fit the dissolved Li
isotopic compositions. It was found that the isotopic compositions of springs and stream waters are explicable by an isotopic
fractionation of —59,, to —149, (best fit —10.8%,), in agreement with Li incorporation into clay. In soil solutions, it was found
that isotopic fractionation during secondary precipitation is larger (at least —239/,), suggesting a major role for different sec-
ondary phases, such as iron oxides that maybe incorporate Li with a higher isotope fractionation.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION parameter in many surface earth science domains such as

long term climate modelling (Berner, 1995; Walker, 1981),

Studies of silicate rock weathering have mobilized great quantifying element fluxes from continents to oceans (Dupré
energy in the geochemistry community because it is a key et al.,, 2003), or understanding soil formation (Anderson

et al., 2007). Improvements in mass spectrometry tech-
niques, particularly since the recent advent of MC-ICP-
MS, allowed the development of new isotopic proxies for
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Because Li is concentrated in silicates and because its
isotopes fractionate during solid/solution interactions, lith-
ium appears to be an ideal proxy for silicate weathering.
Lithium has only two stable isotopes, °Li and "Li, with nat-
ural "Li/°Li~12. The large relative mass difference between
its two isotopes induces important isotopic fractionations
during geochemical reactions, leading to a large range of
isotopic compositions (noted &’Li, see Tomascak, 2004
for a review) among various earth materials (8'Li ranges
from —159, (relative to standard LSVEC) in peridotite
and pyroxenite—xenoliths to >+30%, in marine biogenic
carbonates, Tomascak, 2004).

On the Earth’s surface, large isotopic fractionations
have been observed between solids and solutions. For in-
stance, 8'Li of the dissolved load in large rivers is systemat-
ically higher than that of the corresponding sediments, with
values ranging from +6%, to +36%, in the dissolved load
and from —49, to +59, for suspended sediments (Huh
et al., 2001, 1998; Kisakurek et al., 2005). This difference
was attributed to isotopic fractionation occurring during
weathering processes, °Li being preferentially incorporated
into secondary minerals (Huh et al., 2001, 1998; Vigier
et al., 2008). Recent studies also suggest that 8’Li of the

river dissolved load is not directly related to lithology,
but rather to the intensity and regime of silicate weathering
at the scale of the basin (Vigier et al., 2009; Millot et al.,
2010). In rivers draining an actively glaciated basaltic ter-
rain, it has also been shown that the dissolved 8’Li de-
creases with increasing weathering intensity (Pogge von
Strandmann et al., 2006). Studies of lithium isotopes in soils
and weathering profiles showed that "Li is preferentially
leached from solids, decreasing the 8’Li of the weathered
horizons compared to the bedrock (Huh, 2004; Kisakurek
et al., 2004; Rudnick et al., 2004). Pistiner and Henderson
(2003) experimentally investigated Li adsorption at the sur-
face of various minerals, and they showed that the isotopic
fractionation is strongly dependant on the mineral on
which Li is adsorbed and on the nature of the Li surface
complexes. They found almost no isotopic fractionation
during Li adsorption at the surface of illite (where Li is con-
sidered to be adsorbed as an outer sphere Lit(H,0), com-
plex) whereas strong isotope fractionation (—13%,) was
observed during Li sorption at the surface of gibbsite
(where Li would be adsorbed as an inner sphere com-
plex with covalent bonds to the gibbsite surface). In
contrast, Zhang et al. (1998) measured strong Li isotopic

STRENGBACH
Catchment
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Fig. 1. The Strengbach catchment. RS is the catchment outlet; RAZS corresponds to the main stream upstream of the saturated zone area;
RUZS, BH, RH, RH, and RHj; are small tributaries; SG, ARG, CR, CS;, CS,, CS;, CS,4, SH and SH are springs; rain water was collected at
PA, PB, PH, PS and PT; Two sites were studied in more detail: one under spruce (VP) and the other one under beeches (HP). On those two
sites, throughfall samples were collected, as well as soil solutions, soils and vegetation.
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fractionation during sorption to the surface of kaolinite
(—=219%,), vermiculite (—29%,) and Mississippi sediments
(—21 to —249,). Recently, it was found experimentally that
the substitution of Li for Mg in smectite induces an isotopic
fractionation of —109, at 25 °C (Vigier et al., 2008).

In parallel, the role of the biosphere has been little stud-
ied, and the implications of isotopic fractionation occurring
in soils and saprolites on 8’Li in rivers has not been inves-
tigated in detail. Our approach was to explore the behav-
iour of Li isotopes in the Strengbach catchment. This site
is a small forested granitic catchment which offers the
advantage that it has been intensively studied and moni-
tored since 1986. Many studies have already provided con-
straints on hydrogeochemical fluxes and weathering
processes in this catchment, using major and trace element
concentrations, and isotope systematics (Sr, U-Th, Ca, B).
In this study, we present the analyses of Li concentrations
and isotopic compositions in the various compartments
(i.e. rocks, soils, vegetation, soil waters, rainfall, springs
and stream waters) of this catchment in order to better
understand the behaviour of lithium isotopes during weath-
ering processes.

2. SITE DESCRIPTION

The Strengbach forested catchment is located on the
eastern part of the Vosges Mountains (NE of France)
(Fig. 1). Its elevation ranges from 883 to 1146 m over an
area of 80 ha. The bedrock is “The Brezouard granite”, a
leucogranite which has undergone hydrothermal alteration,
particularly on the northern side of the catchment (EIl
Gh’mari, 1995). In addition, a band of gneiss is in contact
with the granite at the top on the north. A saprolite layer
of locally up to 10 m thickness covers the bedrock. The soils
that lie on the saprolite are acidic, rather deep (80 cm on
average), coarse and contain 60% of sands on average
(Fichter et al., 1998a, b). The soils composition differ from
the north-facing (podzolic soils) to the south-facing slopes
(brown acidic soils) of the catchment. 90% of the catchment
area is covered by forests consisting of 80% of Norwegian
spruce and 20% of mixed beech and silver fir.

The Strengbach zone has a temperate oceanic moun-
tainous climate. Mean annual precipitation is about
1400 mm, and average monthly temperatures range from
—2 to +14°C (Probst et al., 1990; Probst, 1997). The
snowfall period lasts from December to April. The snow
cover is characterized by an important interannual vari-
ability and is often not continuous through the winter.
The mean annual runoff is 850 mm, consisting of high flow
from autumn to spring, and lowest water levels at the end
of summer. A permanent water saturated zone (5% of the
total study area), located at the outlet of the catchment,
plays a significant role in the outlet flow, unusually during
storm events (the saturated area can represent 30 to 39%
of the total runoff during the first stage of a storm event.
Ladouche et al., 2001).

The Strengbach catchment has been studied since 1986,
originally to assess the effects of acid rain on a forested
ecosystem (Dambrine et al., 1998b; El Gh’mari, 1995;
Probst et al., 1990, 2000, 1995, 1992). It has now become

an experimental basin (Hydro Geochemical Observatory
of the Environment, http://ohge.u-strabg.fr) used to study
and characterize hydrogeochemical mechanisms in for-
ested ecosystems, using the geochemistry of major and
trace elements, as well as various isotopic systems such
as B, Ca, Sr, U-Th (Aubert et al., 2002b, 2004; Cividini
et al., 2010; Dambrine et al., 1998b; El Gh’mari, 1995;
Probst et al., 1990, 2000, 1995, 1992; Fichter et al.,
1998b; Riotte and Chabaux, 1999). On two experimental
plots (VP under spruce and HP under beeches on
Fig. 1), polyethylene gutters and lysimetric plates installed
at various soil depths allow the collection of throughfall
samples and gravitational soil waters.

3. SAMPLING AND PROCESSING

For this study, 30 water samples were collected at regu-
lar intervals over 2 years (Fig. 1, Table 1). Fourteen corre-
spond to various springs, one to the outlet, one to the
mainstream before the saturated area, 5 are rain waters col-
lected at various points in the catchment, 6 are gravitational
soil solutions and 3 are throughfall (rain and throughfall
samples were collected at 1 m up to the soil, avoiding inter-
action with soils). Waters were stored in polypropylene bot-
tles previously washed with 1 M HCI, and were filtered at
0.45 pm at the laboratory. One aliquot (250 mL) was used
for measurements of pH, alkalinity, dissolved organic car-
bon (DOC), and concentrations of major ions. Another ali-
quot (2 L when available) was acidified with 2% HNO3 and
was used for isotopic analyses.

Lithium concentrations were analysed in most of these
samples and Li isotopic compositions were measured on
19 selected samples (see Fig. 1 for localities): springs (CR,
SH, SG), small tributaries (RH, BH and RUZS), soil solu-
tions (under spruce) (F-5, F-10, F-30, F-60), and stream
waters above the saturated zone area (RAZS). All those
samples were analysed for three contrasting hydrological
events. We also analysed six samples of outlet water (RS)
corresponding to various water discharges. Lithium con-
centration and isotopic composition were also analysed in
granite, soils, and vegetation. As the saprolite layer is too
thick, there is no outcrop of in situ fresh granite in the
catchment area. Thus, we analysed a minimally weathered
autochthonous rock. For soil and vegetation analyses, we
chose to focus our study on site VP (under spruce).

Soils were dried in an oven (60 °C) until no significant
mass change could be measured (several hours), and were
then sieved at 2 mm. Soils and granite were crushed with
an agate mortar and sieved to <100 pm. About 100 mg of
the resultant powder was introduced into a 15 mL Teflon
beaker and digested with a HF/HNO; mixture. Remaining
organic matter was digested with 1 mL of HCIO, for 1 day
at 150 °C. The solution was then evaporated to dryness and
dissolved again in HNOs. The last step was repeated three
times, and finally the sample was dissolved in 10 mL of 7 N
HNO;. After drying in a 60 °C oven, vegetation samples
(needles, small roots, small branches and trunk wood) were
reduced to a powder as fine as possible in an agate mortar.
About 2 g were then introduced into a 120 mL Teflon bea-
ker and were digested with 25 mL of concentrated HNOj3
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Table 1
Lithium concentrations measured into rocks, soils, vegetation and waters of the Strengbach catchment.

Bulk soil Vegetation
Soil depth 04 4-20 20-42 42-55 55-63 63-75 >15 Parent granite  Tree section Small Small branches  Needles Young needles Trunk
(cm) (spruce) roots
[Li] (umol/kg) 7470 14,780 18,559 17,637 17,641 17,399 18,422 19,341 [Li] (umol/kg) 154 56 30 7.3 154
Solutions (nmol/L)
Springs and stream waters Throughfall samples  Rain waters Soil solutions
Date Outlet CR1 CR2 CR3 CR4 CR SG SH1 SH ARG RHI1 RH3 RH RAZS BH RUZS RS PLH4 PLHx PL5 PA PB PT PH PS F-5 F-10 F-30 F-60 E4 ES5
discharge
(L/s)
05/07/04 4.8 94
19/07/04 5.1 80
26/07/04 3.8 76
02/08/04 3.2 80
06/09/04 8.9 85
28/09/04 5.56 99 113 98 395 108 113 85 109 64 76 7.6 7.1 339 925 8% 268
02/11/04 59.3 89 117 80 5.2 14 14 1.2 478 816 639 398 281 80
13/12/04 21.9 106 105 68 85 94 368 110 116 127 86 85 54 20 423 756 498 153 224
24/01/05 42.6 89 126 104 93 69 13 46 24 23 32 385 569 599 322 149 53
07/03/05 8.37 92 100 5.0 46 79 12 226 543 751 43 112 67
29/03/05 48.7 89 59 75 120 90 99 141 91 87 13 176 236 362 268 86 60
03/05/05 22.7 82 77 54 58 89 265 130 115 99 85 70 102 66 81 7.8 14 6.1 35 49 165 299 344 157 66
31/05/05 11.7 103 98 62 75 90 328 147 173 97 95 110 71 12 39 3.0 29 45 140 297 349 125
11/07/05 3.85 107 96 64 86 90 336 98 73 132 105 107 56 83 6.1 32 23 19 17 20 112 180 490 184
25/07/05 13.2 92
08/08/05 5.6 85
22/08/05 6.9 107 101 61 87 100 356 157 172 103 65 123 101 112 102 89 8.5 27 29 32 59 259 443 622 211 80
05/09/05 5.3 81
19/09/05 14.9 84
03/10/05 14 96 61 97 307 155 107 84 5.8 24 22 29 254 435 618 268 198 92
09/11/05 5.34 86 105 101 115 110 79 111 64 78 58 23 23 2.9 364 377 251
07/02/06 8.2 95 98 58 78 90 151 103 13 10 4.5 10 52 395 167 472 183 179 29
03/04/06 120 8 76 58 55 81 293 113 128 81 163 8 91 93 133 110 105 3.3 1.7 1.6 1.6 24 2.0 348 309 550 198 165 79
22/05/06 10.7 8 84 55 67 314 134 81 68 88 8 71 107 89 5.8 26 33 52 538 359 342 107 49
10/07/06 3.6 107 123 69 132 106 70 126 101 121 51 79 11 40 86 41 38 51 56 222 461 479 346 157 89
24/07/06 3.6 83
07/08/06 4.1 77
21/08/06 224 84 88 55 66 70 319 148 85 91 88 74 116 83 97 8.6 15 1.5 0.8 224 109 475 251 141 71
04/09/06 18.2 81
02/10/06 35 98 99 63 77 82 343 168 97 89 105 94 385 122 102 96 7.3 6.5 15 16 6.2 49 28 2.8 247 197 550 278 227 82
Mean 20.6 9 97 60 79 89 330 136 146 97 88 105 98 80 115 79 85 8.0 7.6 28 47 35 42 9.1 38 280 415 531 247 175 69
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and some drops of H,O,. After 5 days, the solution was
evaporated to dryness and the resultant solid was dissolved
again in ~10 mL of HNO; and transferred to a 15 mL Tef-
lon beaker. The sample was then evaporated, and remain-
ing organic matter was digested with 1 mL of HCIO, for
1 day at 150 °C. HCIO, was evaporated and the sample
was dissolved again in HNOj; and evaporated three times.
Finally, the sample was dissolved in 10 mL of 7 N HNO;.

4. ANALYTICAL METHODS
4.1. Li concentrations

Li concentrations were determined both by ion chroma-
tography and Quad-ICP-MS. More than 200 samples were
analysed using each method, resulting in 374 Li concentra-
tions and the inter-comparison of 45 samples.

Ion chromatographic measurements were performed
using a Dionex ICS-3000 ion chromatography system, with
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Fig. 2. (A) omparison between lonic Chromatography and quad-
rupolar ICP-MS measurements of Li concentrations in water
samples. (B) Comparison between Triton TIMS (CGS Strasbourg)
and Neptune MC-ICP-MS (BRGM- Orléans) measurements of Li
isotopic compositions in natural waters and standards.

a CS16 (5*250 mm) column. To obtain a good signal/noise
ratio, the injection loop volume was chosen equal to
400 pL. A calibration curve was determined using home-
made standards (14.4, 28.8, 72.0, 144.1 and 360.2 nmol/L
Li) and normalised to CGLil-1 (Inorganic Ventures) certi-
fied standard. Blanks are lower than 3 nmol/L (~2.4
1074 uS min), the detection limit is 2.2 nmol/L, and the
external reproducibility varies from 13% at 15 nmol/L to
2% at 150 nmol/L and higher concentrations (2o, n = 28).

ICP-MS measurements were performed using a Thermo-
electron X series II. Standard solutions (2.9, 28.8 and
288 nmol/L) were prepared from CGLil-1 standard and
Be was used as an internal standard. Blanks are lower than
1.4 nmol/L, the detection limit is 0.4 nmol/L and external
reproducibility varies from 8% at 3 nmol/L to less than
1.5% at 300 nmol/L (2o, n = 10).

For Li concentrations higher than 60 nmol/L, both meth-
ods are in good agreement (R*=0.9993 Y =0.992X +
10.057, Fig. 2A), whereas for concentrations lower than
15nmol/L (i.e. rain water and throughfall) there is an
important discrepancy between values obtained by Quad-
ICP-MS and ionic chromatography. Due to the lower
detection limit and better external reproducibility obtained
by Quad-ICP-MS (than by ionic chromatography) we
used only Quad-ICP-MS values for rain waters and through-
fall samples.

4.2. Li isotopic ratios

Lithium was first separated from the matrix using a cat-
ion exchange column. After purification, some isotope anal-
yses were performed on a Neptune MC-ICP-MS at BRGM
Orléans, whereas others were performed on Triton P-TIMS
at CGS (now the LHyGeS)-Strasbourg. All results were
normalized to the international standard LSVEC (Flesh
et al., 1973) according to the following equation:

Ty - (7Li/6Li)sample
d'Li = 1000 * <(7Li/6Li)st5c 1 (1)
4.2.1. Li purification

The entire procedure for chemical purification was de-
scribed in details by Vigier et al. (2008) and Millot et al.
(2004). Briefly, a required volume of solution (correspond-
ing to 30 and 100 ng Li for analyses with Neptune and Tri-
ton, respectively) was evaporated to dryness on a hot-plate
at 120 °C, dissolved in HCI 1M and passed through a cat-
ion exchange column (50W-X12, 200400 mesh) to separate
Li. Because of the partial overlap between Na and Li elu-
tion peaks, this procedure was performed twice to fully
eliminate sodium. Finally, the sample was evaporated to
dryness.

4.2.2. & Li measurements with Neptune MC-ICP-MS

Most of the 8’Li measurements in waters were per-
formed on the Neptune MC-ICP-MS at BRGM’s Isotopic
Geochemistry Laboratory. The measurement procedure
was described in detail by Millot et al. (2004). Briefly, after
lithium purification, the dried sample was dissolved in 3%
v/v HNOj3. The volume of HNOj; solution was chosen to



Lithium isotope systematics in the Strengbach catchment

obtain a Li concentration of 30 ng ml~!. The analytical pro-
tocol involved the acquisition of 15 ratios with 16 s integra-
tion time per ratio, and yielded in-run precisions 0.29,
(20,). The sample introduction rate was about 80-
100 pl min~" and the total volume of sample used for each
measurement was less than 500-600 pl, corresponding to
about 15-20 ng of Li (for a sample solution at 30 ng ml™}).

Instrumental mass bias was corrected for by reference
sample bracketing. The measured "Li/®Li ratio of a sample
was normalized to the mean ’Li/°Li ratio of the two
LSVEC reference samples run immediately before and after
the sample. Blank values were low, typically 3-4 mV for "Li
(i.e. 0.2%), and 5 min wash time was enough to reach a sta-
ble background value. Repeated analyses of seawater dem-
onstrate that the external reproducibility is 0.5%, (2o,
n=131) (Millot et al., 2004)), with a 8’Li value of 31.0%,,
in good agreement with literature values (James and Pal-
mer, 2000; Nishio and Nakai, 2002).

4.2.3. 8’ Li measurements with Triton P-TIMS

Li isotope analyses of waters from 22/05/2006, rock,
soils and vegetation were performed on a Triton TIMS at
CGS in Strasbourg, using a double filament method, mod-
ified from James and Palmer (2000). First, the dried sample
(100 ng of Li) was dissolved in 1 pL of 0.1 M H3PO,4 and
4 uL of H,0, loaded onto a Re filament, evaporated with
a current of 1 A and heated slowly to 2 A until fumes were
no longer observed. In the Triton source, the current of the
ionisation filament was increased until the temperature
measured by the optical pyrometer was 1050 °C. Then,
the evaporation filament was heated slowly until the "Li sig-
nal was 30 V. For the Triton, the distance between the two
extreme Faraday cups is large enough to analyse °Li and
"Li simultaneously, and our measurements were performed
in static mode. We observed that the beam focus could
change the value of "Li/°Li. Moreover, the "Li/°Li varied
during the first cycles. However, after ~ 500 cycles (4s
per cycle), "Li/®Li stabilised and remained constant through
time. When this plateau was reached, we focused the signal
and recorded the following 500 cycles. With this method the
obtained in-run precision was typically +0.2%,, and it was
always better than +0.45%, (26,,). Repeated measurements
of isotopic standards LSVEC and Li7-N (Carignan et al.,
2007) performed during different analyses sessions provided
an external reproducibility better than +1.39 (20, n = 13).

A Li/Zr (mol/mol)

4617

The average value obtained for Li7N was equal to
30.4 +0.6%, (n =15), in very good agreement with the value
reported by Carignan et al. (2007) (30.2 £ 0.3 9,, n = 89).
The comparison of analyses of standards and natural sam-
ples performed on both Neptune and Triton instruments
showed a good agreement between these two methods
(Fig. 2B), enabling us to precisely and accurately determine
Li isotopic ratios in our samples.

5. RESULTS
5.1. Li concentrations

The lowest dissolved concentrations are observed in rain
waters (mean [Li] = 5 nmol/L) whereas the highest are mea-
sured in soil solutions (mean [Li] = 299 nmol/L) (Table 1).
In springs and stream waters, Li concentrations are inter-
mediate and vary between 60 nmol/L in spring CS3 and
330 nmol/L in spring SG. The mean concentration at the
outlet (RS) is 85 nmol/L (ranging from 76 to 105 nmol/
L). Li concentrations in vegetation are extremely low com-
pared to soils and rocks, with values 3—4 orders of magni-
tude lower. Li is slightly less concentrated in soils than in
bedrock, but the range for the bedrock might be larger than
exhibited by our sample. Moreover, it is clear that Li con-
centrations in soils, normalized to an element known to be
immobile during weathering such as Zr, are low relative to
the bedrock and decrease in surface horizons (Fig. 3A). In
contrast, Li concentrations normalized to a mobile element
such as Na increase from bedrock to the deepest soils
(Fig. 3B).

In order to correctly compare the Li concentration of
the various water samples without the effect of dilution, it
is useful to normalize it to the concentration of another dis-
solved element. Normalised to soluble elements such as Na
or Ca, Li concentrations in waters (soil solutions, springs,
stream and rain waters) are also quite variable. Those vari-
ations depend on both the date and the location of the sam-
pling, as can be seen in Li/Ca versus Li/Na elemental ratio
diagrams (Fig. 4). Rain and throughfall values overlap the
entire range of springs and stream waters values, whereas
the soil solutions are characterized by higher Li/Ca ratios.

In detail, Li concentrations can be used to define three
groups of springs: The north springs (SG, RH1, RH3,
RH, ARG, BH), the south west springs (CS1, CS2, CS3,
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Fig. 3. Li evolution in the soils under spruce as a function of depth. (A) Li/Zr ratio in soils and bedrock. B: Li/Na in soils, bedrock,
vegetation, throughfall and soil solutions.
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Fig. 4. Li/Ca versus Li/Na concentrations measured in waters, soils, granite and vegetation of the Strengbach catchment. For better visibility,
only one point out of three corresponding to springs and stream waters is represented.

CS4, CR, SH, SH1) and the saturated zone area (RUZS)
(Fig. 4). The same patterns are observed for other elements
such as Na, Ca, and Mg (Prunier, 2008). Each one of those
groups defines distinctive co-variation trends in the Li/Ca
versus Li/Na diagram. It appears that these ratios for soils
are higher than for parent granite whereas they are the low-
est for waters (springs and stream). If we consider that the
main source of Li into soils and waters is the parent granite,
the observed alignments could then be explained by a chem-
ical fractionation during weathering, with Li being released
into waters at a different rate than Na and Ca. However, it
is known that the bed rock of this catchment is not totally
homogeneous. The northern side granite has undergone

hydrothermal alteration and banded gneiss is located at
the top of this side (El Gh’mari, 1995). Thus, the slight dif-
ference observed on Fig. 4 between the alignment of north
and south west springs can be also attributed to the two dif-
ferent lithologies: non-hydrothermalized granite for south
west springs and hydrothermally altered granite for north
springs.

Rain and throughfall samples have a much larger range
of values than the spring and stream waters in the Li/Ca
versus Li/Na diagram (Fig. 4). Our data allow us to evalu-
ate the cause of this dispersion in elemental ratios. Dis-
solved elements in rain waters can originate from three
distinct sources: the ocean, the interaction of rain water

10°
Carbonates ® Throughfall
10° O Rain
. 10* A
E
[ ]
= o
g 10° 1 Volcanic rocks . 8%)0 *
= and Gabbros o o O Ocean
S oA
3 10
Granites
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10 10? 10° 10* 10°
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Fig. 5. Ca/Li versus Na/Li measured in rain and throughfall. Grey areas represent ocean, silicate, and carbonate end members. To determine
silicate and carbonate end members, we compiled standard values extracted from the GeoRem database (Jochum et al., 2005 and see http://
georem.mpch-mainz.gwdg.de).
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Table 2
Na, Ca, CI and Li concentrations, and Li isotopic compositions (8’Li = 1000%(("Li/*Li)sampie/("Li/*Li)Lsvec-1)) of rock, soils, vegetation and
waters selected for the isotopic study.

Date RS discharge Na (umol/L) Ca (pmol/L) Cl (umol/L) Li (nmol/L) 87Li (%)
Springs and stream waters
CR 28/09/04 5.56 96 74 53 97 +6.6
03/04/06 120 75 71 49 81 +10.3
22/05/06 10.7 83 66 47 79 +8.2
SG 28/09/04 5.56 103 125 50 395 +8.5
03/04/06 120 72 91 34 293 +6.2
22/05/06 10.7 90 111 40 314 +7.4
SH 28/09/04 5.56 84 23 49 187 +5.3
03/04/06 120 68 24 44 128 +8.7
22/05/06 10.7 76 24 43 153 +7.4
RH 28/09/04 5.56 97 106 61 113 +9.6
03/04/06 120 81 85 54 91 +8.1
22/05/06 10.7 84 83 48 82 +8.8
RAZS 28/09/04 5.56 90 77 54 85 +15.1
03/04/06 120 76 67 52 93 +11.5
22/05/06 10.7 84 68 51 71 +14.0
BH 28/09/04 5.56 100 95 66 109 +15.8
03/04/06 120 81 76 43 133 +10.9
22/05/06 10.7 84 75 39 107 +13.9
RUZS 28/09/04 5.56 89 36 20 64 +19.6
03/04/06 120 82 56 53 110 +9.1
22/05/06 10.7 63 41 10 67 +16.6
RS 28/09/04 5.56 90 70 53 76 +16.9
02/11/04 59.3 84 73 57 80 +13.2
29/03/05 48.7 79 68 56 87 +13.8
03/05/05 22.7 76 63 44 81 +14.8
11/07/05 3.85 80 63 41 83 +16.8
03/04/06 120 76 64 52 105 +12.4
22/05/06 10.7 82 64 45 89 +16.8
Throughfall
PL5 02/11/04 13 6 16 14 —1.1
Soil solutions
F-5 07/03/05 55 17 66 226 —-10.7
07/02/06 87 33 135 395 —4.6
03/04/06 71 21 68 348 —6.0
22/05/06 46 17 33 233 -7.9
F-10 07/03/05 82 18 111 543 —16.6
07/02/06 40 10 54 167 -9.7
03/04/06 39 12 40 309 —10.7
22/05/06 49 15 33 359 -7.4
07/03/05 57 15 84 751 —17.3
07/02/06 70 14 112 472 —14.5
03/04/06 69 15 79 550 —14
22/05/06 31 8 29 342 —11.9
07/03/05 19 2 10 398 +33.1
03/04/06 100 12 79 198 +28.0
22/05/06 117 7 61 218 +31.0
Soil depth (cm) Na (mmol/kg) Ca (mmol/kg) Li (mmol/kg) 87Li (%)
Bulk soil
0-4 185 12 7.5 +0.4
4-20 176 13 15 +3.2
20-42 183 11 19 —1.1

42-55 185 13 18 +0.8
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Table 2 (continued)

Soil depth (cm) Na (mmol/kg)

Ca (mmol/kg)

Li (mmol/kg)

8'Li (%)

55-63 186
63-75 185
>75 182
Parent granite 888

Tree section Na (mmol/kg)

13 18 +3.3
13 17 +0.9
15 18 +0.7
59 19 +0.3

Ca (mmol/kg)

Li (pmol/kg)

8'Li (%0)

Vegetation (spruce)

Small roots 4.1 66 154 —4.3
Small branches 2.8 54 56 —-7.4
Needles 30 30 30 —4.3
Young needles 7.0 7.1 73 —6.0
8'Li(%0) 19
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Fig. 6. Lithium isotopic compositions mcasurcd* within the VP
(under spruce) experimental site. (5’Li= 1000 ((7Li/6Li)Sample/
("Li/*Li)Lsvec-1).
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Fig. 7. Lithium isotopic compositions in springs and stream water
samples as a function of altitude for the three different sampling
discharges.

with atmospheric dust (silicates and carbonates), and finally
from vegetation exudates (in throughfall). This last source

Outlet (RS) discharge (L/s)

Fig. 8. Dissolved Li isotopic compositions measured at the outlet
as a function of water discharge.

can affect fluxes of Ca and K for instance, but in contrast
is not significant for Na (Cenki-Tok et al., 2009; Chabaux
et al., 2005; Dambrine et al., 1998a; Schmitt and Stille,
2005). Because the Li/Na ratio in vegetation is clearly high-
er than that of the rain waters (Fig. 4), a Li flux from veg-
etation would be characterized by a higher Li/Na ratio in
throughfall compared to rain samples, which is not the case
(Fig. 5). In contrast, in the Ca/Li versus Na/Li diagram,
rain water and throughfall seem to define the same disper-
sion area, without any apparent influence of the vegetation
endmember, indicating that vegetation weakly (or does not)
affects the Li concentration of rain water. In other words,
Li in throughfall principally comes from atmospheric input
without any significant influence from vegetation, despite
the dense forest cover. Thus, the highest Li concentrations
measured in throughfall compared to rain waters (Table 1)
can be explained by the leaching of atmospheric aerosols
deposited onto the leaves and the needles. As a conse-
quence, rain and throughfall chemistry should define a
mixture between an oceanic endmember and a dust end-
member. The dispersion of the points representing rain
water and throughfall must be explained by a mixture be-
tween at least three endmembers (Fig. 5). We propose that
one is the ocean, and the two others come from rain inter-
actions with at least two different lithogenic dusts, likely
two different silicates but a carbonate contribution can
not be excluded. As can be seen on Fig. 5, the mixture be-
tween these three endmembers can explain the composi-
tions of all the rain water and throughfall samples.
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5.2. Li isotopic compositions

Li isotopic compositions of solids show little variation
from sample to sample. The 8’Li values of soils are close
to those of the parent granite (+0.3%,) within error (in good
agreement with published values in granites (+0.49, to
+1.2%,, James and Palmer, 2000; —2.5%, to +2.7%,, Teng
et al., 2004), and no clear relationship with depth is ob-
served (Table 2, Fig. 6). The 8'Li signature of different parts
of trees from the same plot (roots, branches, needles), from
—4.3 to —7.49,, are in the same range as those of shallow
soil solutions (Table 2). We therefore propose that the Li
uptake by vegetation comes from soil solutions. The results
obtained here do not allow interpretation of possible Li iso-
topic fractionation inside the tree. However, biological up-
take and vegetation recycling do not seem to affect Li
isotopes in the first layer of the soil. The lack of resolvable
influence from litter degradation on Li isotope composition
in soils is not surprising, since the Li concentration in veg-
etation is three orders of magnitude lower than in soils (Ta-
ble 1). Thus, the first layer of the soil appears to be a
mixture between mineral soil and organic litter, with soil-
Li being diluted by litter, explaining its low Li/Na (Fig. 3B).

In contrast, the dissolved Li isotopic compositions are
very variable, ranging from +5.39, to +19.6%, in springs
and stream waters, and from —17.3%, to +33.1%, in soil
solutions. This range of isotopic composition is extreme,
and it is remarkable that at the scale of such a small basin,
we observe a range in Li isotope compositions similar to the
entire terrestrial range (—159%, to >30%,, Tomascak, 2004).
In the upper layers of the soils, dissolved 8’Li decreases
from —19, at Ocm (throughfall) to —179, at —30 cm, and
then strongly increases up to +339%, at —60 cm. These huge
variations are reproducible over time and do not seem to be
affected significantly by water fluxes and seasonal changes
(Table 2, Fig. 6).

It is also remarkable that at low and intermediate dis-
charge, the dissolved Li isotope composition in springs
and stream waters is strongly influenced by altitude: 8"Li
of springs located at the top of the catchment (CR, SG,
SH, RH, elevation>950m) range from +5.3%, to
+10.39,, whereas in waters sampled at the bottom of the
basin (RAZS, BH, RUZS, elevation<950m) &'Li varies
from +9.19, to +19.6%, (Table 2, Fig. 7). The relationship
between 8'Li and water discharge is not simple at the top of
the catchment (8’Li increases with increasing discharge for
CR and SH, whereas it decreases for SG and RH). In con-
trast, for the samples located below 950 m, 8’Li systemati-
cally decreases with increasing discharge (Fig. 7), and a
clear relationship between 8'Li and water discharge is ob-
served at the outlet of the basin (Fig. §).

6. DISCUSSION AND MODELLING
6.1. Determining Li atmospheric and biologic contribution

6.1.1. For the stream

Taking into account the mean annual runoff (810 mm/
year during the sampling period, OHGE data), the total
surface area of the basin (80 ha) and the mean Li concentra-

tion at the outlet of the basin (85 nmol/L), it is possible to
determine the amount of lithium exported from the catch-
ment each year (55.2 mol/year). Atmospheric inputs can
also be calculated, using the mean annual precipitation
(1515 mm/year during the sampling period, OHGE data),
and the mean Li concentration in rain waters (5 nmol/L).
Thus, rain waters provide 6.1 mol/year of lithium to the
catchment, which represents 11% of lithium exported at
the outlet. However, rain waters collected outside the vege-
tal cover probably do not represent all the atmospheric lith-
ium flux to the catchment. As 90% of the basin surface is
covered by forest, and as a large part (not to say the main
part) of Li in throughfall certainly comes from leaching of
atmospheric aerosols deposited onto the leaves and the nee-
dles (cf. §5.1.), the estimate of atmospheric Li input must be
calculated with Li concentrations measured in throughfall
and not only in rain water collected outside the vegetal cov-
er. During our sampling period, the mean annual through-
fall precipitation was 820mm, and the mean Li
concentration was 21.6 nmol/L. Over 90% of the basin
area, this corresponds to 12.8 mol Li/year. Adding the rain-
fall flux over the 10% of the basin not covered by trees, the
total atmospheric Li input is 13.4 mol Li/year, which repre-
sents 24.2% of lithium exported to the outlet. An alternative
method for calculating the atmospheric contribution on the
Li budget is to use the mean annual Li/Cl ratio in rain (8.12
10~* mol/mol) and throughfall (5.87 10~ mol/mol) and the
mean annual Cl concentrations in the stream (4.95
10-2 mmol/L). The implicit assumption for such a calcula-
tion are that Cl behaviour is conservative in the basin, and
that Cl in the stream only originates from atmospheric in-
puts. A simple calculation based on the mean annual pre-
cipitation and runoff shows that the second hypothesis is
not verified in the Strengbach catchment: atmospheric Cl
represents only 70% of the Cl exported at the outlet, which
means that 30% comes from a local source which is not
identified. Considering that only 70% of the Cl concentra-
tion measured at the outlet originates from atmospheric in-
puts, we calculated that atmospheric Li input represents
25.8% of the dissolved Li in the stream at the outlet, in very
good agreement with the calculation based on water fluxes.

Table 3

Li annual fluxes along the soil profile, calculated using Cl as a
conservative element or using a hydrological model (from Cenki-
Tok et al., 2009).

Li Flux (kmol/m?%/s)

Depth  Calculation
(cm) with Cl fluxes

Soil solutions 0 29 29
under spruces

Calculation with
hydrological model

-5 160 287

—10 267 401

-30 283 480

—60 87 221
Soil solutions 0 9.5 9.5
under beeches

—-10 122 220

=70 40 80
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However, this does not mean that ~25% of the lithium ex-
ported at the outlet comes directly from precipitation, be-
cause most of it would interact with soil and rock before
being released to the stream water. This would imply, how-
ever, that at least 75% of lithium exported from the basin
comes from soils and rocks weathering.

Another factor likely to impact Li behaviour is its recy-
cling by vegetation. Assuming that the biomass is at steady
state, uptake of Li by vegetation should be equal to the litter
fall Li flux. Li concentration was not measured in litter, but
we can consider that the average Li concentration in needles
and small branches is a good approximation. Taking
300 g m 2 year ! for litter fall (a common value for temper-
ate forests, Bray and Gorham, 1964), we calculated that this
Li input into the soil is equal to 13 pmol m~2 year~'. This
represents 10 mol/year at the basin scale, i.e. 18% of Li ex-
ported at the outlet, but most of this Li is probably stored in
the soils as adsorbed and coprecipitated Li. This calculated
flux is a maximum, but it is known that in this basin the bio-
mass is increasing, and the litterfall is clearly overestimated
in our calculation. Thus, the impact of vegetation on Li
behaviour at the basin scale appears very limited compared
to weathering reactions.

In summary, these mass budgets confirm that most of
the Li flux in springs and stream waters originates from
weathering reactions, and that the observed variations in
concentration as well as concentration ratio observed in
springs and stream waters at the basin scale cannot be ex-
plained by variable contributions from the atmospheric or
biologic pools. This is also supported by the linear trends
defined by springs and stream waters in Fig. 4, between
two end members which are neither vegetation, nor rainfall
or throughfall. Thus, weathering reactions clearly appear to
be the major controlling factor for Li concentrations in sur-
face waters at the basin scale.

6.1.2. For soil solutions

Li fluxes in soil solutions across the different sampling
depths can be calculated in two different ways. The first
method is based on Cl concentrations, considering that all
dissolved Cl comes from atmospheric inputs and that its
behaviour is conservative during water transfer into the
soils (neither adsorbed by plants or minerals, nor released
by the soils).

In these conditions, the Li annual input flux (Fy;) at each
depth is calculated through the following equation:

Cyj
Fii= C—L * FY, 2)
Cl

where Cp; and Cc are the respective concentrations of Li
and Cl at the given depth and Fc’ is the Cl flux from
throughfall. Results of this calculation for the sampling per-
iod (09/2004-10/2006) are given in Table 3. In both plots
(under spruce (VP) and under beeches (HP)), they show a
strong Li input in the top layers of the soil, and a Li sink
in the deepest horizons. Those results also show that
throughfall represent only 8% and 11% of the Li flux mea-
sured at —10 cm for the HP and VP, respectively. However,
such an assumption of conservative behaviour of Cl in soil
waters, and hence such a calculation approach, has been

questioned by recent works which have shown that dis-
solved Cl in soils can be complexed by organic matter or ta-
ken up by vegetation (Bastviken et al., 2007; Rodstedth
et al., 2003). However, from these recent works, the extent
of these processes remains quite limited and could affect
about 25% of dissolved chloride. If such processes occur
in the Strengbach soils, calculated Li fluxes in soil solutions
would be modified. However, this would not change our
major conclusions. The proportion of atmospheric Li in
the top soil horizons would be relatively low compared to
the total Li flux.

The second method used to calculate fluxes in soil solu-
tions consists of using a hydro geological model to deter-
mine the water flow at each considered depth. This was
the approach used by Goddéris et al. (2006) in their model-
ling of weathering fluxes, and in recent studies of Ca and B
isotope behaviours in this catchment (Cenki-Tok et al.,
2009, Cividini et al., 2010). The results obtained with those
models are presented in Table 3. They differ from the results
obtained using Cl fluxes but give the same kind of varia-
tions, with a systematic flux increase in the upper soil layers
implying that the proportion of atmospheric Li rapidly be-
comes low. Thus, whatever the calculation method used,
the results show that even in surface horizons, the contribu-
tion of atmospheric Li is not dominant in soil solutions and
remains lower than 11% of the total Li flux below —10 cm.

Another Li input into the soil is the litter fall. We calcu-
lated that this Li input into the soil VP (under spruce) is
equal to 13 pmol m~2 year ™! (cf. § 6.1.1.), which represents
only 10% of dissolved Li at -5cm and less than 6% at
—30 cm (with the hypothesis that all Li contained in the lit-
ter is dissolved, which is probably not the case). Overall
these results mean that most of the dissolved Li in soil solu-
tions comes from water/mineral reactions (at least 72% at
—5cm and 84% at —30 cm), and are only slightly affected
by atmospheric input and biological processes. This cer-
tainly explains why in soil solutions Li concentrations are
positively correlated with chemical elements brought into
soil solution by water/rock interactions, such as Si, Na
and Al, and are not correlated with elements known to be
affected by biological cycles in this basin, such as K, Ca
and DOC (not shown). Consequently, as for Li concentra-
tion in spring and stream waters, variations of Li concen-
trations in soil solutions and their isotopic variations are
explained by mineralogical reactions.

6.2. Reactive transport models

6.2.1. Modelling soil solution &"Li

From the previous discussions, and regardless of the
estimation method used, the Li flux in soil solutions
strongly increases from the surface to —30 cm, and then de-
creases until —60 cm. Those variations cannot be linked to
plant cycling in the upper part of the profile; thus, they
must be explained by water-rock interactions. For all sam-
pling periods, and also on average, soil solution 8’Li is sys-
tematically low when Li input flux is high, and vice-versa at
depth. Goddéris et al. (2006) simulated the concentration of
major species within the same soil profile using a numerical
model of chemical weathering in soil horizons and underly-
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ing bedrock (WITCH) coupled to a numerical model of
water and carbon cycles in forest ecosystems (ASPECTS).
They proposed that secondary minerals dissolve at the
top of the profile, and others precipitate in the deepest soil
layers. The variations of the soil Li/Zr ratio with depth in
the first meter of the soil (Fig. 3A) indicate that Li is lea-
ched during granite weathering in agreement with the
behaviour of this element; however, the higher Li/Na and
Li/Ca ratio in soils than in the parent granite, and the lower
Li/Na and Li/Ca values in surface waters, indicate that Li is
less mobile than cations such as Na or Ca. This chemical
fractionation between Li and other cations can be attrib-
uted to Li preferential uptake in precipitated secondary
minerals such as clays or oxides which are known to incor-
porate Li during precipitation (Pistiner and Henderson,
2003; Vigier et al., 2008). These minerals are present in
soils, the saprolite and rocks of the catchment (clays,
mainly smectite and illite, could comprise up to 30% and
Fe-oxides up to 5% in rocks and soils (El Gh’mari, 1995;
Fichter et al., 1998b). Goddéris et al. (2006, 2009) show
the key role played by smectite and illite in understanding
cation concentrations (Mg, K, Ca) in the stream and along
the soil solution profiles. Thus, a scenario like the one pro-
posed by Goddéris et al. (2006, 2009) could reconcile, in a
simple manner, the variations of the Li fluxes observed in
the soil solutions. The Li isotopic data in the present study
bring an additional constraint to the discussion below.

Isotopic measurements and calculations were performed
only on the spruce plot, which is the site where the soil solu-
tions were analysed along the profile at four different
depths. Within uncertainties, Li depletion in soils compared
to granite does not seem to significantly induce isotopic var-
iation (Fig. 6). This is in agreement with dissolution of pri-
mary minerals without any Li isotopic fractionation
(Pistiner and Henderson, 2003). In soil solutions, the isoto-
pic variations are large, with negative values in all layers of
the soil (—59%, to —179%,), except very positive values at
—60 cm (+289%, to +33%,). Related to the Li fluxes calcu-
lated previously (§6.1.2, Table 3), these isotopic variations
have to be explained by a preferential input of °Li to the soil
solutions within the upper 30 cm of the soil, compared to a
loss of SLi between —30 and —60 cm.

Considering secondary phase dissolution in the upper
soil, the isotopic composition of Li flux added to the soil
solutions between 0 and —30 cm depth can be calculated
by the following mass budget:

S — F—305—30 - Fth(Sth + Fveg(sveg
i F—30 _Fth +Fveg

3)

where are the isotopic composition g, (to be calculated),
d_30 (average = —14.49) ), d.e, (average = —5.59,,) and &y,
(=—1.1%,) are the isotopic composition (%,) of secondary
phases (assumed to be equal to the isotopic composition
of Li flux added to the soil solutions between 0 and
—30 cm depth), soil solution at —30 cm, vegetation uptake
and throughfall respectively, and F_3o (284 or 479 pmol
m 2 year ! calculated from the Cl budget or hydrological
budget respectively), Fyeg (13 pmol m~2 year™!) and Fy
(29 pmol m~2 year™!) are the gross Li flux corresponding
to the soil solution at —30 cm, vegetation and throughfall,

respectively. The model yields identical results for the isoto-
pic composition within uncertainty using fluxes derived
from either the hydrological budget or the ClI- budget
(—15.2%, and —15.39,, respectively). Considering that this
input is related to clay dissolution as already proposed by
Goddéris et al. (2006), and considering that those clay min-
erals were directly formed from the congruent dissolution
of granite (8"Li = 0.3%,), this means that the Li isotopic
fractionation occurring during secondary phase precipita-
tion is equal to —15.59,,, in good agreement with the esti-
mated values of Vigier et al. (2008) and Chan et al. (1992)
for Li incorporation into octahedral sites (—109, to
—179%,). However, in this calculation we only took into ac-
count dissolution of secondary phases, but primary phases
are also probably dissolving, and the isotopic composition
results, in fact, from a mixture between dissolution of sec-
ondary and primary phases. Thus, the isotopic fraction-
ation calculated here is a minimum and the isotopic
composition of secondary phases which are dissolved in
the first layer of the soil is probably lighter than —15.3%.
In their modelling of weathering fluxes in this soil,
Goddéris et al. (2006) found that below —30 cm, secondary
phases precipitate, but some primary phases dissolve.
Moreover, the recent study of calcium isotopes in the same
soil profile showed that a Ca flux from the soil to the solu-
tion is required to equilibrate the Ca isotopes budget in the
soil solutions (Cenki-Tok et al., 2009). To model the Li iso-
topic composition of soil solutions, we used a reactive mod-
el in which the Li concentration and isotopic composition
of the water evolves with dissolution and precipitation
fluxes. This model is described in the appendix. Briefly, this
model is based on classical reactive transport equations,
with the two main assumptions of negligible diffusion of
chemical species and steady state conditions. In those con-
ditions, the Li isotopic fractionation &y, occurring during
secondary phase precipitation between —30 and —60 cm
can be expressed as:
060 — Odiss + (Saiss — 0-30) - (%28 )ﬁ
a-((&2) - 1)
in which J;ss, 0_30, 0_g0, are the Li isotopic compositions of
dissolution flux and soil solutions at —30 and —60 cm,
respectively, C_3o and C_gy are the Li concentrations in
the soil solution at —30 and —60 cm, respectively and
a = Jprec/Jaiss 1s the ratio between the precipitation and the
dissolution flux. On Fig. 9, we have plotted S versus
Jorec/Jaiss using the Li fluxes calculated previously (Table 3),
and using the isotopic composition of granite (+0.39%,) for
dgiss- 1t 1s found that the isotopic fractionation must be at
least —23.49,, with the Li fluxes calculated using the conser-
vative behaviour of Cl or —26.19, using the hydrological
model. This isotopic fractionation is higher than published
estimates for Li incorporation into smectites (—10 to
—17%,) (Vigier et al., 2008; Chan et al., 1992), but is compat-
ible with values reported by Zhang et al. (1998) for Li
adsorption onto kaolinite and vermiculite (—219, and
—299,, respectively). However, the relatively good repro-
ducibility of the isotopic profile over different sampling peri-
ods (Fig. 6) makes it unlikely that the adsorption—

)

5prec =
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Fig. 9. Calculated Li isotopic fractionation during secondary
phase precipitation from —30 to —60 cm in the soil VP as a
function of the ratio between precipitation and dissolution fluxes.
Solid line: Li fluxes calculated by considering the conservative
behaviour of Cl. Dotted line: Li fluxes calculated using a
hydrological model.

desorption process or cationic exchange of exchangeable
complexes (CEC) are significant in the soil profile in the
present study. Both processes depend of several parameters
with a seasonal cycle like water fluxes, proton production by
vegetation, dissolved organic carbon, or major chemical
composition. It is also possible that another secondary phase
with still undetermined isotopic fractionation, such as iron
oxides, precipitates. This last hypothesis would be in agree-
ment with the Li isotopic fractionation (~—259%,) calculated
by Kisakurek et al. (2004) between an iron oxide rich hori-
zon and a paleowatertable. This isotopic fractionation is
also higher than the one calculated in the 0 to —30 cm layer.
This can be because dissolution of primary minerals was not
taken into account in the top layer of the soil.

To summarize, the observed variations of Li isotopic
composition in soil solutions are best explained by a disso-
lution-precipitation model. Li bearing primary silicate min-
erals are likely dissolve without any significant isotopic
fractionation. In the deepest horizons (30-60 cm), second-
ary minerals, including clay minerals and oxides, could pre-
cipitate, preferentially incorporating light Li isotopes and
increasing the Li isotopic composition in soil solutions from
—30 to —60 cm. In the soil horizons above —30 c¢cm, our data
would indicate that those secondary minerals with low iso-
topic composition are now dissolving, thus decreasing the
isotopic composition of soil solutions from 0 to —30 cm.
This hypothesis is in good agreement with the modelling
proposed by Goddéris et al. (2006, 2009), in which the dis-
solution/precipitation rate of smectite in the soil profile un-
der spruce varied strongly between 40 and 60 cm depth.

6.2.2. Modelling springs and stream waters &’ Li

We showed in section 6.1 that Li concentration varia-
tions in springs and stream waters are principally controlled
by water-rock interactions with little contribution from

biological cycling and atmospheric inputs. Li isotope
behaviour in spring and stream waters vary as a function
of their altitude: the high altitude springs are characterized
by low and relatively stable 3’Li, whereas for spring and
stream waters sampled below 950 m, 8’Li is systematically
higher than at the top of the basin and decreases with
increasing discharge (Fig. 7). Those spatiotemporal varia-
tions can be explained by mixing between different hydro-
geochemical reservoirs in the watershed, marked by differ-
ent water/rock interactions and/or by spatial and temporal
variations of the pathways of waters through the watershed
horizons, each water pathway being characterized by spe-
cific water—rock interactions and hence different geochemi-
cal signatures. Indeed, long water pathway in deep rocks
are in good agreement with isotope hydrological studies
of this catchment (Viville et al., 2006) that showed that
the mean water transit time is 38.5 months, implying that
water is partly stored in fractured rocks as deep as 45 m (Vi-
ville et al., 2006). Consequently, it can be envisioned that
when contact time is increased, more Li coprecipitates in
secondary minerals, and thus, dissolved 8’Li increases, as
well as Li/X (X = Na, Ca, Cl...) ratios.

Such a scenario easily explains the observed trends in the
Li/Ca versus Li/Na diagram (Fig. 4), and that the Li iso-
tope composition of spring and stream waters can vary with
altitude and water discharge (Figs. 7 and 8). Such a scenario
is also entirely consistent with the interpretations given for
explaining the variations of Sr, U and Ca isotope ratios in
the water samples from the Strengbach Catchment (Aubert
et al.,, 2002a; Riotte and Chabaux, 1999; Prunier, 2008;
Cenki-Tok et al., 2009). Aubert et al. (2002a) explained
the variation of the Sr isotope ratios of the stream waters
(RS) with the discharge by the contribution of waters from
deep soil profile during the recession stage and also by var-
ious contributions of waters from distinct areas such as the
opposite slopes and the saturated area (RUZS). Similarly,
Riotte and Chabaux (1999) interpreted the variations of
the decrease of the (>**U/**3U) activity ratios of the stream
waters at the outlet of the catchment when the discharge in-
creases by a mixing scenario between a “deep” water en-
riched in **U which weathered the bedrock and a
shallower water with U activity ratios below unity repre-
senting a mobilization of U from material already weath-
ered, i.e. from soil horizons and/or weathering profile.
More recently the Ca isotope variations in source and
stream waters of the Strengbach watershed (Cenki-Tok
et al., 2009) have also been interpreted in terms of water
mixing between deep waters, marked by alteration of pri-
mary minerals of the bedrock and more surficial waters sig-
nificantly influenced by the Ca cycling by vegetation.

This scenario was tested by the model used previously to
explain the isotopic variations measured in soil solutions
(see appendix and §6.2). To avoid dilution effects, we used
the Li concentrations normalised to Cl, with the hypothesis
that Cl is not involved in dissolution-precipitation pro-
cesses. The dissolved Li isotopic composition & can be ex-
pressed as:

(Li/Cl),

1
T-a
0= (sdiss - aAprec + (50 + aAprec - 5diss) . (m) (5)
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in which 84;s and & are the Li isotopic compositions of dis-
solution flux and initial solution respectively, (Li/Cl), is the
Li/Cl ratio of initial solution, 8 is the isotopic fraction-
ation occurring during secondary phase precipitation, and
a = Jpreo/Jaiss is the ratio between the precipitation and
the dissolution flux. We consider that the main Li source
in springs and stream waters is the dissolution of granite
without isotopic fractionation, and that the Li isotopic vari-
ations result from preferential °Li uptake during secondary
precipitation. Therefore, in equation 6 the value of , and
dgiss Was assumed to be equal to +0.39, (the isotopic com-
position of the granite), and we fitted Sprec, @ = Jprec/Jdiss,
and (Li/Cl)y. On Fig. 10, it can be seen that most of the
points can be explained by this model, with (Li/
Cl)o=0.0048, —14%, <O8prec <—5%, (best fit: JSprec =
—10.7%,), and a = 1.57. A few points are characterized by
higher Li/Cl ratio (RUZS at low and intermediate dis-
charge and SG). Those points can be fitted with (Li/
Cl)o =0.0092, dprec = —15.9%,, and a=1.26. Again, the
calculated O are in good agreement with published val-
ues (Chan et al., 1992; Vigier et al., 2008).

The difference with the isotopic fractionation calculated
between soil solutions and secondary phase precipitation
deeper than 30 cm (<-23.49)) suggests that the precipi-
tated phases are not the same in both cases. For the soil
solutions, the secondary phase which precipitates and in-
duces the isotopic fractionation is unknown. In springs
and stream waters, the good agreement between the isoto-
pic fractionation calculated in the present work and the
one determined by Vigier et al. (2008) strongly suggests that
clay precipitation is the main process which leads to the dis-
solved Li isotopic variations. Another question is the rela-
tionship between the soil solutions and the springs and
stream waters. The springs and stream data are not cor-
rectly fitted with a higher &, (for instance, with
89 = +30.7%,, the isotopic composition of the soil solutions
at —60 cm), indicating that deep soil solutions and springs
and stream waters are disconnected from a Li point of view.
If we consider that the springs and stream waters flowed

25
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Fig. 10. Dissolved Li isotopic compositions in springs and stream
waters as a function of Li/Cl. For each sample, the smaller point
corresponds to the lowest water discharge, the bigger point
corresponds to the highest discharge. Curves represent the mod-
elling results. a, b, c: (Li/Cl)p = 0.0048 and Jec/Jaiss = 1.57, d: (Li/
Cl)p=0.0092 and Jprec/Jaiss = 1.26; a1 Sprec = —5%,, b (best fit):
Sprec = —10.7%,, C: Sprec = —14%, d: Sprec = —15.9%,.

through the soils before their pathway into the saprolite
and the rock porosity, this means that the deep soil water
Li was entirely lost before its interaction with deeper sapro-
lite and/or bedrock. In other words, the source of Li present
in springs and stream comes from the bedrock dissolution
without or with a very poor influence of deep soil solutions.
The geochemical cycle of Li in the first meter of soil pre-
sents, then, a dynamic, completely independent and different
from weathering dynamic in the deep horizons, but both of
them emphasize the key role played by secondary phases.

7. CONCLUSION

This study shows that dissolved lithium isotopic compo-
sition can strongly vary at the scale of a small catchment.
Those isotopic variations are only weakly influenced by
atmospheric inputs and vegetation cycling, but depend
mainly on weathering reactions. They could be related to
solid/solution interactions during weathering. At the scale
of the catchment, Li concentrations and isotopic composi-
tions in springs and stream waters are controlled by contact
time between water and rocks, which allows more or less
lithium uptake by precipitation of secondary minerals. This
observation suggests that lithium isotopes are a good tracer
of water/rock interactions, and potentially of water path-
ways. The modelling shows that the data are in agreement
with a dissolution-precipitation process. The calculated iso-
topic fractionation during precipitation indicates that clay
precipitation is probably the main process which leads to
the observed isotopic variations. Huge isotope variations
were observed in soil waters (from —17.3 to +33.1%,). They
were explained by dissolution-precipitation processes. Pri-
mary phases are dissolved all along the profile, but second-
ary phases are dissolved in the top layers, whereas they
precipitate deeper than —30 cm. However, the calculated
isotopic fractionation for the precipitation of secondary
phases between —30 and —60 cm is higher than those
known for isotopic fractionation during clay precipitation
based on experimental studies. It is thus possible that an-
other phase precipitates with a higher isotope fractionation.
Oxides could be a good candidate but this process has never
been investigated experimentally to our knowledge. These
results confirm that the soil is a strongly reactive compart-
ment, which must be integrated in studies at catchment
scale to understand the processes at the biosphere interface
and the biological signature. Moreover, the results obtained
on several tree parts (roots to leaves) show that their Li sig-
natures could be explained by an uptake from the shallow
soil solutions.

Even if more experimental and natural data are needed
to calibrate this tool, this study shows that Li isotopes are
already able to give some important constraints on weath-
ering mechanisms and hydro chemical fluxes in a small
catchment.
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APPENDIX A. MODELLING OF DISSOLVED LI
ISOTOPE COMPOSITION DURING DISSOLUTION-
PRECIPITATION PROCESSES

To model the effect of dissolution-precipitation on the
dissolved Li isotopic compositions, we were inspired by
the work of Johnson and DePaolo (1994), in which they
used reactive transport equations to model isotopic data
in groundwater—rocks systems.

In our modelling, we considered that the diffusion of
chemical species is negligible and that the system is in a stea-
dy-state condition (dC/dt=0, dr/dt=0). With those assump-
tions, the evolution of the dissolved Li concentration C and
Li isotopic ratio r along the water path can be written as:

dcC

—— = Jdiss — Jprec 6

de d P! ()
di Jiss Jrec

Vd_;:%(”diss_”)_ pC (rprec_r) (7)

with v being the fluid velocity, Jgiss and Jpec being the lith-

ium dissolution and precipitation fluxes, and rgiss and rprec

being the isotopic ratios of dissolved and precipitated Li.
Egs. (1) and (2) can be combined as:

J,
d Fdiss — 1 — _,:: (rprec - r) dc 3
= X —
1— §prec C ( )
diss

Using the & notation ¢=1000x (———1) and
Aprec = Oprec — 0, We can then write:

: (sdiss -0 -}J#Aprec ac
5= X )

Jaiss

The integration of the Eq. (4) along a water pathway
gives:

{—Log(édiss —0— %Aprec)}

diss

x

0

1 J rec *
— e [Loxt - )]
1— T diss diss 0

J,
5diss - 5;( - %Aprec
iss

—Log

T
daiss — 0o — = Aprec

|
Tprec
= Log (%) 1—1';“5 (10)

For each sample, we can then write:
i
8= S — ahpree + (80 + alpree — Oais) - (%) ~. witha= J:—
(1)
It can also be useful to express the precipitation isotopic
fractionation:
0 — ddiss + (Odiss — Oo) - (%)1+

Aprec = T
a- (@)= - 1)

(12)
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Abstract

A multi-isotopic study of thermo-mineral waters from the Limagne Basin (French Massif Central) is reported. Lithium,
B, Sr and Nd isotopic signatures in thermo-mineral waters and bedrocks were combined in order to determine the origin of
these fluids from a reservoir point of view. Strontium and Nd isotopic systems showed that the thermo-mineral waters are
mostly derived from a granitic reservoir type, with the exception of a few water samples having Sr and Nd isotopic signa-
tures also reflecting a volcanic contribution (basalts). In a second step, Li and B isotopes were investigated, given that Li
and B isotopic systematics are potentially affected by mass dependent fractionation during water/rock interaction and
could provide some information on what takes place during this process. A great diversity of thermo-mineral waters within
the Aigueperse area was clearly observed, which is directly related to the origin of these thermal waters in terms of reser-
voirs. These different geothermal reservoirs are characterized by different geological settings and intensity of water/rock
interaction (i.e. depth and temperature).

The combination of Li, B, Sr and Nd isotopic systems highlight the complexity of the study of these geothermal reser-
voirs and that the use of only one isotopic tool could lead to an incomplete interpretation of the origin of water. The new
approach using Li isotopes shows a very interesting potential with additional information on the intensity of water/rock
interaction.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Within the framework of the development of
renewable energy in France, a research project
involving an inventory of geothermal resources has
been carried out jointly by the French agency for

* Corresponding author.
E-mail address: r.millot@brgm.fr (R. Millot).

environment and energy management (ADEME)
and the French Geosurvey (BRGM). The compila-
tion of the national geothermic potential research
project (COPGEN ) is focused on the Allier Limagne
Basin in France, which geologically belongs to Ter-
tiary basins located on the northern edge of the Mas-
sif Central (Fig. 1). This area exhibits a number of
geological, thermal and hydrogeological characteris-
tics (e.g. high temperature of waters, porosity and

0883-2927/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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Fig. 1.

(a) General map of the French Massif Central, (b) the Allier Limagne Basin and the sampling location sites for the 10 thermo-

mineral waters from the Aigueperse fault, (c) synthetic geological section and lithostratigraphic sequence.

permeability of the reservoir rocks) that are interest-
ing from a geothermal point of view.

The present study deals with the geochemistry of
thermo-mineral waters from the Aigueperse fault
zone. These waters and reservoir rocks are charac-
terized by studying Li, B, Sr and Nd isotopes.

Major elements were used to determine the chem-
ical signature of the thermal waters. Indeed, it is
well known that the concentrations of most dis-
solved elements in thermo-mineral waters are func-
tions of the aquifer temperature and the weathered
mineralogical assemblage. However, it is likely that
re-equilibration or change in composition could
occur at lower temperatures as the water flows from
the reservoir to the surface. For this reason, the use
of a multi-isotopic approach is relevant and could
give additional information for the characterization
of thermal waters in relation to their source. Thus,
Sr and Nd isotopes are investigated in order to bet-
ter define the signature of the reservoir from which
the geothermal waters are derived, given that Sr and
Nd isotopes in geothermal waters reflect the origin
of water/rock interaction (Goldstein and Jacobsen,

1987; Négrel et al., 1997, 2000; Négrel, 1999). Boron
isotopic compositions were determined in an
attempt to elucidate the source of B in these waters
with reference to recent studies dealing with B iso-
topes in geothermal waters (Aggarwal et al., 2000,
2003; Kasemann et al., 2004). The use of Li isotopic
systematics is explored, following recent papers
indicating that Li isotopes seem to be an effective
tracer of water/rock interaction (Huh et al., 1998,
2001). Indeed, it has been shown that Li isotopic
signatures in waters are not related to lithology,
but rather indicate Li isotope fractionation related
to the intensity of water/rock interaction. However,
the extent of Li isotopic fractionation and the
parameters that control it remain poorly
constrained.

2. Geological setting

The first results of the COPGEN project (Genter
et al., 2003, 2005) have shown that the main geo-
thermal reservoirs are likely located in arkosic for-
mations at the edge of the basin, where a large
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fault system (the Aigueperse fault in particular)
allows the thermal waters to circulate (Fig. 1). The
clastic formations of the deeper part of the Limagne
Basin systems represent potential geothermal reser-
voirs with favourable petrophysical properties
(porosity, permeability).

The geological synthesis is based on Genter et al.
(2003). The Tertiary basins of the Massif Central
belong to the Western European Rift initiated in
the Eocene and set up in the Oligocene during the
phase of extension, which affected the Western
European Platform in front of the Alpine chain.
The grabens of Limagne, mainly located north of
the Massif Central (Fig. 1), are characterized by a
typical evolution of a passive rift and show (1) a
strong subsidence with important sedimentation
(>3000 m); (2) active sedimentation at sea level, as
shown by numerous marine incursions, between
the Upper Eocene and the Oligocene; (3) important
crustal thinning, and finally (4) scattered volcanism
(basalts) mostly located in the west, which is not ini-
tiated until the end of the phase of sedimentation
and then increases during the Lower Miocene.

The Allier Limagne area is a graben, separated
by normal faults (Fig. 1b). The area under consider-
ation covers approximately 22,600 km> with an
important network of faults, the directions of which
are mainly NS, NNE-SSW and NE-SW. To the
south of the city of Clermont Ferrand, many volca-
nic reliefs are observed. They are primarily post-
rifting.

In the Limagne Tertiary basin, sedimentary for-
mations occur with ages varying from the Oligocene
to the Pliocene as well as from the Pleistocene.
Basaltic rocks of Oligocene and Miocene age are
found on top of these sedimentary sequences. The
horst structures on the border of the basin are made
up of (1) metamorphic, magmatic, volcanogenic and
sedimentary formations (Variscan basement of the
Massif Central of Hercynian age), and of (2) Ter-
tiary to Quaternary basalts. The Variscan basement
constitutes the substratum of the Limagne Basin.
The arkosic formations, representing potential geo-
thermal reservoirs, are positioned at the bottom of
the basin and are covered by sedimentary sequences
comprising marls, argillaceous formations, evapor-
ites and limestones (Fig. 1c).

The geothermal potential of the Limagne Basin
area was recently investigated by Serra et al.
(2007) using several geothermometers (i.c. Na-K,
Na-K-Ca, Na/Li, Mg/Li, Sr/K?, Ca/K” and F*K)
yielding deep reservoir temperatures of about 180-

230 °C in the western part of the Limagne Basin
(Chatel-Guyon, Gimeaux, Joze, Bourbon Lancy,
Montpensier, Royat and St Myon), whereas the
geothermometer temperatures were lower (about
150-160 °C) in the Vichy area.

3. Sampling strategy and analytical methods

Serra et al. (2003), in a compilation of 285 sam-
ples from the French Massif Central, for which
major and some trace element data were reported,
defined 14 different groups of thermo-mineral
waters based on the chemistry of cations and
anions. Considering the main groups of waters pro-
posed by Serra et al. (2003), 10 thermo-mineral
waters (Fig. 1b) were sampled in spring 2003 within
the Allier Limagne area (Aigueperse fault zone) for
major and trace element analysis as well as for
isotopic measurements (87Li, 3B, ¥'Sr/%sr,
43N d/44Nd).

The waters from Montpensier [2], Royat-Eugé-
nie [3], Chatel-Guyon (Carnot [5] and Louise [6]),
Vichy (Do6me [8] and Forage Antoine [9]), and
Bourbon Lancy (Marquise) [10] were sampled from
drill holes. Water samples from Joze [1], St Myon [4]
and Gimeaux [7] were collected from sources or
from natural rising springs. These 10 thermo-min-
eral waters correspond to the sample group hereaf-
ter named ““Aigueperse” (Fig. 1b).

In the field, water samples were collected in acid-
washed polyethylene bottles after filtration through
0.2 um Sartorius® cellulose acetate filters. Alkalinity
was determined in the field by Gran’s method.
Water samples were then acidified to pH <2, by
adding ultra-pure HNO;, except those intended
for anion and B isotope determination, which were
kept unacidified. The pH was measured on site
using an Ingold electrode and an Orion 250 pH-
meter. The electrical conductivity was measured
with a microprocessor conductivity-meter WTW
LF96 calibrated at 25 °C.

The major cations were analyzed by atomic
absorption spectrometry (Ca’", Na*, K*, Mg*",
precision +5-10%), the anions by ion chromatogra-
phy (Cl~, SO; ", NO;, precision +5-10%), and the
trace elements by inductively coupled plasma mass
spectrometry (ICP-MS), Li, B, Sm, Nd, Sr, preci-
sion +5%).

Lithium isotopic ratios were determined using a
Neptune MC-ICP-MS (Millot et al., 2004). "Li/°Li
ratios were normalized to the L-SVEC standard solu-
tion (NIST SRM8545, Flesch et al., 1973) following
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the standard sample bracketing method. Typical in-
run precision for the determination of 8’Li is about
0.1-0.29, (201,). Chemical separation of Li from the
matrix was achieved by following a procedure
adapted from the technique of James and Palmer
(2000), using a cationic resin (Bio Rad AG® 50W-
X12, 200-400 mesh) and HCI acid media (0.2 N) for
30 ng of Li. Blanks for the total chemical extraction
were less than 20-30 pg of Li, which is negligible since
it represents a 10~ blank/sample ratio. The repro-
ducibility of the total method (purification procedure
+ mass analysis) was tested by repeated measure-
ments of a seawater standard (IRMM BCR-403)
after separation of Li from the matrix, for which a
mean value of 8'Li=+30.8%,+ 0.4 (20, n=15)
was obtained, for the duration of the analysis. This
mean value is in good agreement with the values from
long term measurements (8’Li = +31.0%, + 0.5, 20,
n = 30, Millot et al., 2004) and other values reported
in the literature (Tomascak, 2004).

Strontium and Nd isotopic determinations were
carried out using a Finnigan MAT 262 multi-collec-
tor mass spectrometer according to the technique
given by Négrel et al. (2000). Boron isotopic ratios
were determined on a Finnigan MAT 261 solid
source mass spectrometer following the methods
described by Casanova et al. (2001) and Klopp-
mann et al. (2001).

4. Results and comments

The results for the Aigueperse water samples are
presented in Tables 1 and 2. These 10 thermo-min-
eral samples are compared to other samples from
the French Massif Central, from the Margeride
and the Cézallier areas for which major, trace ele-
ment and isotopic data have been previously pub-
lished by Négrel et al. (1997, 2000), Mossadik
(1997) and Négrel (1999). Lithium isotope measure-
ments for waters from the Cézallier and the Marge-
ride area are a part of the present work (Table 3).

4.1. Major elements

The results of the 10 water samples from Aigue-
perse are in good agreement with those of the entire
database of thermo-mineral waters from the Massif
Central area (Serra et al., 2003). Basically, most of
the waters are of the Na-HCOj type. In particular,
this is the case for Vichy Dome [8], Forage Antoine
[9], Montpensier [2], St Myon [4], Joze [1] and Royat
Eugénie [3]. By contrast, thermo-mineral waters

Table 1

pH, temperature, conductivity and major cation and anion concentrations for the 10 thermo-mineral waters sampled in 2003 within the Aigueperse fault zone

SO,

Cl

HCO;
(umol/L) (pmol/L) (pmol/L) (pmol/L)

Mg

Ca

Na

Conductivity (uS/cm)

pH Temperature (°C)

Name

#

Sampling date

(umol/L)

(umol/L)
11,819
6375

(umol/L)
32,739
55,652
40,565
30,913
36,696
36,043
21,087
74,348
64,348
20,609

1250
2698

48,780
60,620
39,980
39,670
42,870
42,000
30,280
75,730
66,790
4920

9077 3918

4169
1944
2448

5130
5400
5790
3400
8730
8450

13.5

6.3

2062

2369
5960
4514

69 41.8
6.5 342

6.1

Montpensier

1073
2115

28,773
5952

4897
2362

Royat-Eugénie

1345
2189
2031

12.1

3344
3104
2115

60,000
58,787
17,348
10,014
7729

15,432
15,144
6173

329

14,963
13,616

6658
990
676

64 36

Chatel-Guyon—Carnot

6.4 345
6.2 253
7.0 622

7.1

Chatel-Guyon-Louise

Gimeaux

1130
2384

4050

1885
1542
778

7400
5740
3000

288

1854
921

72.6

Vichy-Forage Antoine

21,410

107

1643

6.6 56.5

Bourbon Lancy-Marquise

iy S PR M PR IRl e S e R e

6/4/2003

6/4/2003

6/4/2003

6/4/2003

6/5/2003

6/5/2003
6/3/2003

6/5/2003
6/5/2003

6/12/2003




R. Millot et al. | Applied Geochemistry 22 (2007) 2307-2325 2311

Table 2
Li, B, Sr, Nd concentrations and isotopic compositions of thermo-mineral waters from Aigueperse
Sampling date # Name Li B Sr Nd S'Li 8''B ¥Sr/%sr  ¥Nd/'Nd
(umol/L) (pmol/L) (pmol/L) (nmol/L) (%, (%)
6/4/2003 [1]  Joze 630 126.7 32.5 0.312 5.2 1.9 0.713687 0.512221
6/4/2003 [2] Montpensier 1020 108.2 39.4 0.180 6.9 0.3 0.713186 0.512123
6/4/2003 [3] Royat-Eugénie 955 642.0 67.5 0.104 24 —6.3 0.712181 0.512377
6/4/2003 [4] St Myon 621 59.9 35.2 0.589 5.0 0.2 0.713456 0.512274
6/5/2003 [5] Chatel-Guyon—Carnot 707 120.3 99.7 0.305 3.3 12.6  0.710581 0.512492
6/5/2003 [6] Chatel-Guyon-Louise 679 111.0 95.8 0.430 34 11.3 0.710518 0.512469
6/3/2003 [7] Gimeaux 416 58.2 44.6 0.409 2.5 7.7 0.712503 0.512193
6/5/2003 [8]  Vichy-Dome 749 165.6 16.5 0.104 6.2 0.9 0.714393 0.512252
6/5/2003 [9]  Vichy-Forage Antoine 674 142.5 18.1 0.104 6.6 0.7 0.714056 0.512101
6/12/2003 [10] Bourbon Lancy—Marquise 723 162.8 11.0 0.069 52 —=2.8 0.710940 0.512136
Table 3

Li concentrations and 8”Li values (%,) for thermal waters originating from the Cézallier and the Margeride area

Sample number Sampling date Name Li (pmol/L) 87Li (%,)
Cézallier CZ006 03/95 Le Bard Magonnerie 729.4 4.4
CZ005 07/95 StHérent Riviere 707.6 4.3
- 07/95 Zagat max 991.4 3.0
CZ018 03/95 Chassole Ste Marguerite 771.3 2.9
CZ195 03/95 Zagat max 835.9 2.9
CZ030 07/95 Veze Supérieure 471.8 2.8
CZ026 03/95 Chantejail 762.7 2.9
CZ021 07/95 Le Moulin 716.7 32
CZ042 03/95 Conche Tuyau 252.2 4.8
CZ043 07/95 Pyronnée Captage 253.6 5.5
Margeride - 5/11/1995 Fontaine Haut MAZEL 298.5 5.0
- - Fontaines basses n°l 551.2 4.9
- 5/11/1995 Ranc 1 158.0 3.8
- 5/11/1995 Ranc 2 396.6 2.6

Sample locations and data for major elements are from Négrel et al. (1997, 2000) and Négrel (1999).

from Chatel-Guyon [5-6] are closer to the Ca—SOy,
type, water from Bourbon Lancy [10] is of the
Na—Cl type, whereas the water sample from Gime-
aux [7] is intermediate between a Ca-HCO; and a
Na-HCOs; type. In addition, the Cl™ contents vary
between 10 and 80% of the total anions. Sodium
concentrations vary between 40 and 100% of the
total cation concentrations (after Na, Ca and Mg
are the other major cations with equal share). From
the examination of the major cations and anions, it
clearly appears that the thermo-mineral waters pres-
ent very different chemical signatures, whereas they
are quite close geographically and located in the
same regime of water/rock interaction.

Because Na and Cl are the most abundant cation
and anion, respectively, it is interesting to investigate

the relationship between these two elements in a
wider context by comparing the Aigueperse samples
with the Cézallier and Margeride thermo-mineral
waters. Such a comparison is presented in Fig. 2a
and allows CI (considered as a conservative element)
to be compared with Na concentrations, which are
mostly controlled by the intensity of water/rock
interaction. Sodium concentrations will also be used
in the following section in order to comment on the
origin of the elements with respect to water/rock
interaction. For every group of thermo-mineral
waters, different linear relationships can be observed
between Na and CI concentrations (Fig. 2a). In gen-
eral, the 10 water samples from Aigueperse are in
good agreement with the previous compilation of
Serra et al. (2003) (Fig. 2a). It is observed that most
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Fig. 2. (a) Cl vs. Na (umol/L) diagram for thermal waters from Aigueperse, Cézallier and Margeride in the global context of the French
Massif Central (see text for references and comments). (b) Li vs. Na (umol/L) diagram and geothermometric relations (Fouillac and
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Central area. Data from the literature were compiled by Serra et al. (2003). Numbers correspond to samples: [1] Joze, [2] Montpensier, [3]
Royat-Eugénie, [4] St Myon, [5] Chétel-Guyon—Carnot, [6] Chatel-Guyon-Louise, [7] Gimeaux, [8] Vichy-Dome, [9] Vichy—forage

Antoine and [10] Bourbon Lancy-Marquise.

of the thermo-mineral waters plot below the seawater
line, meaning that they are enriched in Na with
respect to Cl. The exceptions are waters from Cha-
tel-Guyon (Carnot [5]and Louise [6]), plotting above
the seawater line and consequently being enriched in
Cl with respect to Na. Most of the thermo-mineral
waters cover a wide range of Cl and Na concentra-
tions, those from Vichy [8-9] show smaller varia-
tions. This result agrees with the previous study by

Michard et al. (1976) on the same area. For the St
Myon sample [4], it is observed that also Na and Cl
concentrations are consistent with the first trend
obtained for thermo-mineral waters in the Cézallier
area (see Michard et al., 1987), whereas the Joze sam-
ple [1]1s closer to the second trend described for the
Cézallier waters by Michard et al. (1987). Finally, the
Gimeaux sample [7]is close to the seawater line with
a slight enrichment in Na with respect to Cl, and the
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Bourbon Lancy sample (Marquise) [10]is located on
the seawater line in this diagram.

4.2. Lithium isotopes

Lithium concentrations range from 158 to
1020 umol/L in waters from Aigueperse, Cézallier
and Margeride (Tables 2 and 3). When Li concen-
trations are plotted vs. Na concentrations
(Fig. 2b), different groups of waters that as a func-
tion of their Li/Na molar ratio correspond to differ-
ent geographical zones are clearly observed. Most of
the water samples show a Li/Na molar ratio close or
slightly lower than that of seawater. Consequently,
thermo-mineral waters are depleted in Li to some
extent with respect to Na by comparison to seawa-
ter. In Fig. 2b, the dashed lines corresponding to
temperatures of water/rock interaction are shown
calculated with the equation for the Na/Li geother-
mometer of Fouillac and Michard (1981). Based on
Fig. 2b, the temperature of water/rock interaction
ranges from approximately 130 to 230 °C. Low tem-
perature waters (130-150 °C) correspond to thermal
waters from Vichy [8-9], whereas high temperature
waters (200-230 °C) occur in Royat [3], Joze [1]
and Gimeaux [7].

Waters from Aigueperse have 3’Li values ranging
from +2.4 to +6.99,, in Royat-Eugénie [3] and
Montpensier [2] (Fig. 3). The range of variation is
similar for waters from the Cézallier and the Marge-
ride areas (from +2.6 to +5.5%,). The 8’Li values
for these waters are consistent with values compiled
by Coplen et al. (2002) for surface waters and
are intermediate between the Li isotopic ratios of
the Upper Continental Crust (UCC: from —2 to
+2%,, Teng et al., 2004) and global river waters
(from +6 to +33%,, Huh et al., 1998, 2001).

No simple relationship is observed when 8’Li val-
ues are plotted vs. the Li concentration in the
waters. The range of 8’Li values covers both low
and high Li concentrations. However, a trend seems
to appear when 8'Li values are reported as a func-
tion of the Li/Na molar ratio (Fig. 3), especially
for the Cézallier and the Margeride waters, suggest-
ing that when Li/Na ratios increase, 8’Li values
decrease. Such a relationship is however not
observed for some Aigueperse samples.

4.3. Boron isotopes

It is well known that B is a mobile element during
water/rock interaction and it is derived either from
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Fig. 3. Lithium isotopic ratios (8’Li, %,) against the Li/Na molar ratio for waters originating in the Aigueperse, Cézallier and Margeride
areas. Numbers correspond to samples: [1] Joze, [2] Montpensier, [3] Royat-Eugénie, [4] St Myon, [5] Chatel-Guyon-Carnot, [6] Chatel-
Guyon-Louise, [7] Gimeaux, [8] Vichy-Dome, [9] Vichy—forage Antoine and [10] Bourbon Lancy-Marquise.
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weathering of rocks or from atmospheric inputs
(Barth, 1993, 2000). In general, thermo-mineral
waters from the French Massif Central (Mossadik,
1997; Serra et al., 2003) display a large range of B
concentrations. Specifically, B concentrations in
Aigueperse waters lie between 58 and 642 pmol/L
and are characterized by light B isotopic composi-
tions ranging from —6.3 to +12.69,, in agreement
with the mean value of the UCC (Barth, 1993).

In Fig. 4, B isotopic compositions are reported as
a function of the CI/B molar ratio for samples from
the Limagne Basin (Aigueperse, Cézallier and Mar-
geride). Thermo-mineral waters from Cézallier and
Aigueperse seem to define a general trend of increas-
ing 5''B with increasing CI/B ratio. By contrast,
data from the Margeride are individual and do
not appear to follow this relationship, with heavy
3''B associated with low CI/B ratios. In this dia-
gram, data from deep saline waters of the Paris
basin (Mossadik, 1997) were also added in order
to put the samples from the Massif Central in a
more general context of B isotopic signatures.

4.4. Strontium isotopes

Strontium concentrations range from 11 to
100 pmol/L in thermo-mineral waters from Aigue-

perse. In the Sr vs. Na plot (Fig. 5a) there is a wide
scatter for waters from the Massif Central. How-
ever, it seems that there is an overall correlation
between Sr and Na concentrations.

Strontium isotopic ratios in Aigueperse thermal
waters (Table 2) lie between 0.71052 and 0.71439.
In the diagram showing ®’Sr/*’Sr vs. 1/Sr (Fig. 6)
for all the waters of the Massif Central, no linear
trend appears, meaning that simple mixing between
two components is not the main process that con-
trols the Sr isotopic composition of the waters.
Indeed, the range of Sr concentrations is covered
by ¥’Sr/*°Sr isotopic ratios in the range 0.704—
0.705 (typical signature of waters derived from
water/basalt interaction) as well as 8’Sr/*°Sr about
0.714-0.716, characteristic of the signature of waters
in a granitic environment (Goldstein and Jacobsen,
1987; Négrel, 1999; Négrel et al., 2000).

4.5. Neodymium isotopes

Thermo-mineral waters from Aigueperse display
a large range of Nd concentrations (from 0.069 to
0.589 nmol/L). No relationship is observed between
Nd and Na (Fig. 5b) for Aigueperse, Cézallier and
Margeride thermal waters. Basically, Nd concentra-
tions are not related to Na concentrations. Sodium
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Fig. 4. Boron isotopic ratios (3''B, %,) against the Cl/B molar ratio in thermal waters from the Aigueperse, Cézallier and Margeride area.
Data for brackish waters from the Paris Basin (Mossadik, 1997) have also been added for comparison. Numbers correspond to samples:
[1] Joze, [2] Montpensier, [3] Royat-Eugénie, [4] St Myon, [5] Chatel- Guyon—Carnot, [6] Chatel-Guyon-Louise, [7] Gimeaux, [8] Vichy—

Dome, [9] Vichy—forage Antoine and [10] Bourbon Lancy-Marquise.
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concentrations vary widely (from 10,000 to
80,000 umol/L), whereas Nd concentrations are
lower than 1 nmol/L, with a few exceptions in the
range of 1-2.5 umol/L.

As already reported for Sr isotopes, no simple
relationship is observed when '**Nd/'**Nd isotopic
ratios are plotted against the inverse of the Nd con-
centration (Fig. 7), even though "*Nd/"**Nd ratios
vary between 0.51205 and 0.51270. Thermo-mineral

waters from Chatel-Guyon [5-6] exhibit higher Nd
isotopic ratios, but those from Montpensier [2]
and Vichy-Antoine [9] lower "*Nd/'*Nd values.
In this context, high Nd isotopic ratios may be
explained by water/rock interaction of volcanics
(basalts, Négrel et al., 2000), e.g. in the case of
Cézallier waters. Such an explanation may also be
invoked for the Chatel-Guyon samples [5-6],
although a sedimentary origin is also possible.
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At this stage, it clearly appears that a combina-
tion of the different isotopic systems would be nec-
essary in order to characterize further the origin of
thermo-mineral waters. Such an approach is the
basis of the discussion of this paper.

5. Discussion
5.1. Reservoir rocks

The different types of rocks in the Aigueperse
area, assumed to correspond to the potential reser-
voir from which the thermo-mineral waters are
derived (Genter et al., 2003, 2005), are discussed
in this section.

In the literature, only few isotope data are
reported and those which are reported are on Sr
and Nd isotopes. In order to characterize the rocks
within the Allier Limagne Basin, isotopes were
determined for all major rock types sampled by
Dagallier (2004) following the geological character-
ization reported by Genter et al. (2003). The differ-
ent categories of rocks are compiled in Table 4,
together with Sr, Nd and Li concentrations and iso-
topic ratios. In addition, the analysis of a sample of
a halite deposit is also reported for Li and B iso-
topes, whereas Sr isotope data are taken from Briot
et al. (2001).

The study of the Allier Limagne Basin showed
that the succession of the facies consists of five main
lithostratigraphic units (from the base to the top): a
detritic unit, a sandy unit, a sandy-argillaceous unit,
then a mixed sandy-argillaceous and calcareous

Table 4

2317

unit, then finally a calcareous summit unit (some-
times evaporitic, halite).

The Sr isotopic ratios of arkosic deposits (Table 4)
range from 0.71641 to 0.72799 and Nd isotopic ratios
range between 0.512146 and 0.512184. Marls and car-
bonates (Table 4) have ®”Sr/*Sr ratios in the range of
0.71319-0.71375, whereas their '**Nd/"*Nd ratios
lie between 0.512216 and 0.512178. The Sr and Nd
isotopic ratios of the limestone sample are 0.71543
and 0.512167, respectively.

A granite (¥’Sr/*®Sr = 0.718936, '¥*Nd/'"*Nd =
0.512252), a marl (¥’Sr/*®Sr =0.728377, '*Nd/
1%Nd = 0.512147) and a sandstone sample (*’Sr/
86Sr = 0.717494, '“Nd/'"Nd = 0.51218) from a
drill core at Aigueperse were analyzed (AP 101,
Genter et al., 2003; Dagallier, 2004).

Granites and gneisses from the French Massif
Central are well characterized by Sr and Nd isotope
ratios (Pin and Duthou, 1990; Williamson et al.,
1996; Downes and Duthou, 1988; Duthou et al.,
1984, 1998; Briand et al., 2002). In addition, the
range of variation in 8''B for granites has been com-
piled in the studies of Smith and Yardley (1996) and
Barth (2000). The volcanic rocks have also been ana-
lyzed for Sr and Nd isotopes by Chauvel (1982),
Chauvel and Jahn (1984), Downes (1984), Briot
(1990), Briot et al. (1991) and by Pin and Paquette
(2002). The range of variation for B isotopes in vol-
canics (basalts) is compiled in the studies of Ishikawa
and Nakamura (1992), Gurenko and Chaussidon
(1997) and Tonarini et al. (2001, 2004).

By contrast, the Sr and Nd isotopic compositions
of the sedimentary rocks from the Allier Limagne

Li, B, Sr, Nd concentrations and isotopic compositions of different rock types sampled by Dagallier (2004) following the geological

characterization reported in Genter et al. (2003) from drillings

Number Sample name Rock type Li Sr Nd 8’Li  8''B ¥7Sr/%sr 3Nd/Nd
(mg/Kg) (mg/Kg) (mg/Kg) (%) (%)
#1 Royat Arkosic 78 489 53.5 19 - 0.716408 0.512184
#4 Cournon Marl/limestone 224 2442 14.8 -7.0 - 0.713187 0.512216
#6 Ste Marguerite Marl/limestone 120 1012 18.8 -54 - 0.713748 0.512178
#8 Longues Arkosic 75 359 10 9.8 - 0.718187 0.512171
#9 Billom Arkosic 78 146 22.8 59 - 0.725368 0.512157
# 10 Chateau de Ravel  Arkosic 91 83 6.6 9.0 - 0.727985 0.512146
#12 Couzes, St Floret  Limestone 20 584 2.8 -2.1 - 0.715426 0.512167
#13 St Floret Granite 64 324 53.3 -2.0 - - -
Ap 101 K29 Aigueperse Granite 50 322 38 -23 - 0.718936 0.512252
Ap 101 CR20  Aigueperse Marl 226 121 46.6 —-6.5 - 0.728377 0.512147
Ap 101 CR21  Aigueperse Sandstone 117 700 36.4 —4.0 - 0.717494 0.51218
- Halite Saline deposit - - - 9.6 21.8 0.71321- -
0.71442

87Sr/8%Sr for the halite sample is from Briot et al. (2001).
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Basin have not been investigated in detail. Carbon-
ate layers only from the Clermont Basin have been
studied by Briot and Poidevin (1998) and Briot
et al. (2001), showing a decrease of the ®’Sr/*°Sr
ratios, from 0.7147 down to 0.7115 with time. How-
ever, Hercynian metasediments have been analyzed
by Pin (1989), and show a range of variation
between 0.718-0.732 and 0.51180-0.51221 for
87Sr/%6Sr and '**Nd/!'*Nd isotopic ratios, respec-
tively. In addition, saline deposits (anhydrite and
gypsum) have been characterized by ¥’Sr/**Sr ratios
ranging between 0.71321 and 0.71442 (Briot et al.,
2001; Poidevin, personal communication).

There is unfortunately very little data in the liter-
ature on the Li isotopic composition of the Earth’s
crust. Very recently, Teng et al. (2004) reported the
concentrations and isotopic ratios of various types
of rocks (shales, loess and granites) in order to esti-
mate the Li isotopic ratio of the UCC. According to
this study, the 8’Li of granites ranges between
—2 and +29%, and the 8’Li of basalts (MORB,
OIB and arc basalts) varies from +2 to +69%,. In
order to be able to discuss the Li analyses of
thermo-mineral waters of the Limagne Basin, the
Li content and isotopic composition of 12 rocks that
are representative of the potential reservoir sources
were measured. The samples listed in Table 4
include sedimentary rocks of arkosic type, marls,
sandstones and limestones, and also two granites
(St Floret and Aigueperse) as well as a halite
sample. The Li concentrations of these rocks vary
over an order of magnitude (from 20 to 225 pg/g)
and the 8"Li lies between —7.0 and +9.8%,.

If the Li isotopic signatures of thermo-mineral
waters are compared with those of rocks, it is
observed that 8'Li values for the waters are more
consistent and always positive (from —+2.5 to
+6.9%,), whereas the 8’Li values for the rocks are
variable (—7.0- +9.89,). With the exception of the
arkosic deposits, the 8'Li values for the rocks are
systematically lower than those for the waters. Such
a result is in a good agreement with the idea that the
process of isotopic fractionation occurs during
water/rock interaction, during which the heavy iso-
tope ("Li) is preferentially released into solution
compared to the bedrock (Huh et al., 1998, 2001;
Tomascak, 2004).

However at this point, it seems difficult to clearly
identify the reservoir rocks by the Li isotopic com-
position of the thermo-mineral waters. Considering
the isotopic fractionation during water/rock interac-
tion, it can however be assumed that arkosic rocks

certainly do not represent the main reservoir for
Li. Indeed, the isotopic composition of these rocks
covers the same range as the waters, while "Li is
preferentially released into solution during water/
rock interaction. Granites, sandstone, marls and
limestones could however be considered as potential
sources for Li in thermo-mineral waters. In order to
be able to further identify the reservoir rocks and to
define more clearly the mechanisms of fractionation
that affect the Li isotopes, a multi-isotopic approach
is used in this discussion.

5.2. Multi-isotopic characterization of thermal waters

5.2.1. Origin of thermal waters

Basically, Sr and Nd isotopes are good tracers of
the origin of the source of solute during water/rock
interaction. More specifically, *’Sr/*°Sr and
SNd/'"Nd isotopic ratios in river waters are
directly related to the type of lithology drained by
the rivers (Goldstein and Jacobsen, 1987) because
Sr and Nd isotopes are not subjected to mass depen-
dent fractionation during weathering processes.

In Fig. 8, the data from Serra et al. (2003) and
from this study are reported for Sr and Nd isotopes
in thermal waters as well as in potential reservoir
rocks. Three main lithologies are shown in Fig. 8
with their range of Sr and Nd isotopic signature in
granites, basalts and sedimentary rocks.

As already mentioned, it has been shown by
Goldstein and Jacobsen (1987) that an inverse rela-
tionship exists between Sr and Nd isotopic systems
for large river basins on a global scale. Such a gen-
eral inverse relationship is also observed between Sr
and Nd isotopes in the thermo-mineral waters of the
French Massif Central. However, the most impor-
tant information is that the majority of the thermal
waters are consistent with the range defined for Sr
and Nd isotope ratios in granites with the exception
of waters from Chatel-Guyon (Carnot [5] and Lou-
ise [6]) and Royat [3], which seem to define a trend
toward a volcanic end member.

In more detail, thermal waters from the Aigue-
perse fault zone can be separated into three groups
according to their Sr and Nd isotopic compositions.
First of all, for Montpensier [2] and Gimeaux [7]
waters, the Sr and Nd isotopic signatures are in a
good agreement with a signature derived mainly
from deep parent rocks belonging to the basement
of the sedimentary sequence. For Montpensier [2]
however, the Sr and Nd isotopic ratios of the waters
are slightly lower than those of the parent rocks.
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For Gimeaux [7], there is a good agreement with a
signature of the water essentially derived from deep
water/granite interactions. Secondly, the Sr and Nd
isotopic signatures of thermal waters from Joze [1],
Saint-Myon [4] and Vichy [8-9] thermo-mineral
waters seem to reflect a typical signature derived
from sedimentary rocks (marls, sandstones and
limestones). Finally, the Sr and Nd isotopic ratios
of the thermal waters from Chatel-Guyon [5-6],
Royat [3] and Bourbon Lancy [10] are compatible
with both types of lithologies (basement rocks and
sediments). Because of their low ®’Sr/*Sr and high
143N d/"Nd ratios, these thermal waters could also
have a volcanic origin. Thus, to summarize, it is
worth noting that the thermal waters are mostly
derived from three main reservoirs: granites, sedi-
mentary rocks and volcanic rocks.

Strontium and Nd isotopes are now compared to
B isotopes. On the one hand, comparison of Sr to B
isotopic ratios (Fig. 9a) clearly confirms that ther-
mal waters from Saint Myon [4], Montpensier [2],
Joze [1] and Vichy [8-9] are mainly derived from a
granitic reservoir. It also shows that the contribu-
tion of a volcanic reservoir (basalt) is minor for
those samples having ®’Sr/%¢Sr isotopic ratios about
0.713-0.715. However, thermal waters from Bour-
bon Lancy [10] and Royat [3] have 37Sr/%¢Sr isotopic
ratios (0.711-0.712) that are slightly lower than

those of granites, whereas their 5''B values are in
agreement with a granitic signature (3''B from
—10 to 0%,).

Furthermore, the B isotopic signature of thermal
waters from Gimeaux [7] and Chatel-Guyon [5-6] is
above the range defined for granites and volcanic
rocks, suggesting that another contribution is likely
and that this contribution has a 8''B value higher
than +139%,.

On the other hand, the combined use of Nd and
B isotopes (Fig. 9b), also confirms that the volcanic
reservoir does not contribute significantly to the sig-
nature of the thermal waters from Saint Myon [4],
Montpensier [2], Vichy [8-9] and Bourbon Lancy
[10]. Moreover, the thermal water from Royat [3]
has Nd and B isotopic signatures that are intermedi-
ate between a granitic and a volcanic signature. As
already mentioned the Sr and B isotope values for
the thermal waters from Gimeaux [7] and Chatel-
Guyon [5-6] are above the range defined for a gra-
nitic reservoir. Thus, a source rock with high 5''B
values (higher than +139) is needed to explain
the B isotopic composition of these thermal waters.

5.2.2. Waterlrock interaction

In Fig. 10, the isotopic ratios of Sr and Nd are
shown as a function of the Li isotope ratios for
thermo-mineral waters as well as for the main
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samples: [1] Joze, [2] Montpensier, [3] Royat-Eugénie, [4] St. Myon, [5] Chatel-Guyon—Carnot, [6] Chatel-Guyon-Louise, [7] Gimeaux, [8]
Vichy-Dome, [9] Vichy—forage Antoine and [10] Bourbon Lancy—Marquise.

reservoir rocks. Such a presentation makes it possi-
ble to compare isotopic tracers, which are not sub-
jected to fractionation during water/rock
interaction (Sr and Nd isotopes) and Li isotopes
which are affected. The various ranges for the gran-
ites, basalts and salt-rich deposits have been
described previously for the *’Sr/*°Sr and

Nd/Nd ratios. The Li values for the granites
and basalts are those from Teng et al. (2004).

It is well established that the Sr and Nd isotopic
ratios of waters are good tracers of the reservoir
source, because the Nd and Sr isotopic composition
of thermo-mineral water is the fingerprint of the iso-
topic composition of the bedrock with which it has
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Fig. 10. Sr and Nd isotopic ratios plotted vs. Li isotopes in geothermal waters and rocks from the Limagne Basin. Numbers correspond to
samples: [1]Joze, [2] Montpensier, [3] Royat-Eugénie, [4] St. Myon, [5] Chatel-Guyon—Carnot, [6] Chatel-Guyon-Louise, [7] Gimeaux, [8]
Vichy-Dome, [9] Vichy—forage Antoine and [10] Bourbon Lancy—Marquise.

interacted. By contrast, the Li isotopic signature in
the water integrates two different components. The
first component is directly related to the signature
of the bedrock, whereas the second component

integrates the fractionation that occurs during the
process of water/rock interaction. These two effects
are combined in the isotopic signature of a
water sample and it is difficult to distinguish the
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contribution of one compared to the other. How-
ever, during water/rock interaction, it is well estab-
lished that the "Li isotope is preferentially released
into solution, whereas °Li is mostly retained in the
solid products of weathering (Huh et al., 1998,
2001; Tomascak, 2004). Consequently, the 8'Li of
the water should be higher than that of the rock
with which it has interacted.

On the other hand, the Li isotopic ratio of the
potential reservoir rocks is known, because it was
determined in the present study. Consequently,
Fig. 10 should be interpreted by taking into account
the fact that the Sr and Nd isotopic signatures of the
waters are identical to those of the rocks, whereas
for Li isotopes, the 8’Li value of the waters is higher
than the 3’Li value of the reservoir rock because of
fractionation of Li isotopes.

Thus, by comparing Sr/Nd with Li isotopes, it
can be observed that: 1/thermal waters from Cézal-
lier reflect an interaction with a granitic reservoir, 2/
waters from Aigueperse also integrate a component
resulting from the water/rock interaction of volca-
nics (basalts), and 3/it is unlikely that the arkosic
rocks and the salt-rich deposits contribute signifi-
cantly to the Li isotopic signature of the waters,
since their 8’Li values are higher than the signature
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in the geothermal waters. Unfortunately, the contri-
bution of the other sedimentary rocks such as the
marls, the sandstones or limestones cannot be dis-
cussed further in connection with the Limagne
Basin.

As B and Li isotopic systems are potentially sub-
jected to isotopic fractionation during water/rock
interaction, it is interesting to couple these two iso-
topic systematics. In Fig. 11, the B isotopic ratios
are compared to Li isotope ratios in thermo-mineral
waters from the Cézallier, the Margeride and the
Aigueperse areas. The various ranges for granites
and basalts are also shown in this graph.

Two groups of points can be distinguished within
Fig. 11. It is worth noting that the difference
between these two groups is essentially based on
the variations of B isotopic ratios. Indeed, the
3''B isotopic signatures of thermal waters from
Gimeaux [7], Chatel-Guyon (Carnot [5] and Louise
[6]) and from the Margeride are systematically
higher than those of the other groups of thermo-
mineral waters. As already observed by comparing
B-Sr—Nd isotopes, Gimeaux [7] and Chatel-Guyon
waters [5-6] on the one hand and waters from the
Margeride on the other hand have a different origin.
By contrast, if Li and B isotope ratios are now
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compared (Fig. 11), it can be seen that these geo-
thermal waters seem to be similar. However, they
are very different from the other thermo-mineral
waters with respect to their Li and B isotopic signa-
tures. The second group of samples (which repre-
sents the majority of samples) plots relatively close
to the range defined for granitic and basaltic signa-
tures, although some waters plot at slightly higher
B-Li isotopic ratios. This observation is in agree-
ment with the fact that "Li is preferentially released
into solution during water/rock interaction and that
the 8'Li signature of the water is thus always higher
than the 8’Li value of the reservoir rock. In the sec-
ond group of samples, it is interesting to note that
for the entire set of geothermal waters, the B and
Li isotopic values are correlated overall. Indeed,
the highest values of 8"Li correspond to the highest
values of 3''B and vice versa. This observation
remains true for the first group of points.

This approach with Li isotopes is original and
shows that the 8’Li signature in thermal waters
can reveal that Li isotopic systematics could be a
very relevant tool for the characterization of
water/rock interaction at high temperature. How-
ever, the nature and extent of Li isotope fraction-
ation in relation to the intensity of water/rock
interaction (i.e. depth and temperature and proba-
bly residence time) must be more precisely con-
strained in future studies that will enable
improvement of our understanding of Li behaviour
in geothermal systems.

6. Conclusions and perspectives

The multi-isotopic characterization of geother-
mal waters from the Aigueperse fault zone has made
it possible to better define the origin of these waters
from a reservoir point of view. The results for Sr
and Nd isotopes show that the Aigueperse thermal
waters are mostly derived from a granitic reservoir,
with the exception of waters from Chatel-Guyon [5-
6] and Royat [3] that gave Sr and Nd isotopic signa-
tures reflecting a volcanic contribution (basalts).
The examination of B isotopes confirm these results
but also suggests that another component is needed
in order to explain the origin and history of the
waters with the highest 3''B ratios. The information
obtained through Li isotopes also proves that the
geothermal reservoir is mainly of granitic and volca-
nic types. In addition Li isotopic signatures suggest
that Li in geothermal waters is not derived from
arkosic deposits. To summarize, a great diversity

of thermo-mineral waters can be clearly observed
within the Aigueperse area. Large differences in
terms of major cation composition, salinity, and iso-
topic signatures are present, which are directly
related to the origin of these thermal waters in terms
of reservoirs. These different geothermal reservoirs
are characterized by different geological settings
and intensity of water/rock interaction (i.e. depth
and temperature).

The combination of Li, B, Sr and Nd isotopic
systems highlights the complexity of the study of
these geothermal reservoirs, and the use of only
one isotopic tool could lead to an incomplete inter-
pretation of the origin of water. The new approach
with Li isotopes shows a very interesting potential
related to the intensity of water/rock interaction.
In future, it could be interesting, to reduce the area
of study in order to better constrain the reservoir
from a lithological point of view, and thus further
characterize the nature and extent of Li isotopic
fractionation in geothermal waters with respect to
the deep geothermal reservoir.

The deep temperatures of the reservoirs, between
150 and 230 °C estimated by chemical geothermom-
eters (Serra et al., 2007), as well as the presence of a
fractured basement and the evidence of water circu-
lation given by the multi-isotope tracing, encourage
wider investigations to be carried out within the
framework of geothermal development for electric-
ity and heat production in this area.
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Abstract

In the present work, we report the results of a multi-isotopic study (8'Li, 6''B and *”St/*°Sr) on waters collected from different
hydro-and geothermal sites in France. The aim of this study was to characterize hydro-and geothermal reservoirs by coupling a
multi-isotopic approach with in-depth temperature of the reservoir calculated using chemical geothermometers. A database
constituted by 36 water samples (thermal, thermo-mineral and geothermal waters) was selected in order to cover a wide range of
temperatures and to be representative of water/rock interactions with various types of lithologies. We clearly observed that the wide
range of *”St/*°Sr isotopic ratios in the waters (0.70755-0.72187) appear to be largely controlled by the dominant host lithologies
with Sr isotopic signatures ranging from high values (resulting from interaction from granite and/or gneiss type >0.714) to lower
87S1/36Sr ratios (closer to Sr isotopic ratios observed in the sedimentary zones <0.712). Boron isotopic ratios lay between -8.3 and
+21.6%o, also reflecting a lithological control over &''B signatures. In addition, no simple or direct relationship was observed for
either boron or strontium isotopic signatures with the temperature of the reservoir. In contrast, temperature plays an important role
in controlling the lithium isotope composition of the hydro-and geothermal fluids. 6’Li signatures are comprised between -0.1 and
+10.0%o for temperatures ranging from 60 to 230 °C. This result seems to prove that lithium isotopic systematics represents a
useful tool suitable for the characterization of hydrothermal and geothermal waters and suggests that the 8'Li composition of
geothermal waters may be utilised as a geothermometer (6’Li=-0.043+0.003 T+11.9+0.5).
© 2007 Elsevier B.V. All rights reserved.

Keywords: lithium; boron; strontium isotopes; hydrothermal waters; geothermal waters; chemical geothermometry

1. Introduction

The present study deals with the isotope geochemistry
of different types of mineralized waters (thermo-mineral,
thermal and geothermal waters), collected from different
sites in France in order to cover a wide range of water/
rock interaction settings.
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The approach in this work deals with the isotopic
compositions of hydro-geothermal waters in relation to a
physical parameter of crucial importance in the charac-
terization of the hydro-geothermal fluids: the tempera-
ture of the deep reservoir. For lithium, this approach is
particularly relevant considering that Li is a soluble
element during water/rock interaction and that the Na/Li
chemical geothermometer is a useful tool in the
determination of the temperature of hydro-geothermal
waters (Fouillac and Michard, 1981). The main objective
ofthe present work is to establish the nature and extent of
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Li isotope fractionation during water/rock interaction in
the range of temperature from 60 to 230 °C.

Lithium has two stable isotopes of mass 6 and 7, with
natural abundances of 7.5% and 92.5% respectively.
Lithium is a mobile element that tends to preferentially go
into the fluid phase during water/rock interactions. The
relative mass difference between the two isotopes is
considerable (17%) and it is capable of producing
significant mass dependant fractionation during geo-
chemical processes. The range of variation in lithium
isotopic compositions is more than 50%o in geological
materials (Coplen et al.,, 2002; Tomascak, 2004). Li
isotopic systematics is a relatively new isotopic tracer for
which all the processes that could induce isotopic
fractionation are not yet well constrained. However in
the context of water/rock interactions, numerous studies
(Huh et al., 1998; 2001; Pistiner and Henderson, 2003;
Kisakiirek et al., 2004, 2005; Pogge von Strandmann
et al., 2006; Millot et al., in preparation) have clearly
shown that isotopic fractionation supports the enrichment
of the heavy isotope ("Li) in solution, the light isotope
(°Li) being preferentially retained in secondary weather-
ing minerals. On the other hand, lithium isotopic
fractionation is also temperature dependant (Chan and
Edmond, 1988; Chan et al., 1992, 1993, 1994; James
etal., 1999), and may induce measurable variations (in the
range of several %o), even at high temperature (Wunder
et al., 2006; Millot et al., submitted for publication).

Boron has two isotopes of mass 10 and 11, with
natural abundances of 19.9% and 80.1% respectively. It
is well known that boron is also a mobile element during
water/rock interactions and is essentially derived either
from rock weathering or from atmospheric inputs (Barth,
1993, 2000). Boron isotopic signatures (5''B) range
from-30 to +60%o in natural environments, thus boron
isotopes show considerable potential for characterising
mixing phenomena and tracing specific processes. More
specifically, boron isotopic systematics may be used as a
potential tracer of groundwater evolution (i.e. aquifers,
deep crustal fluids, Barth, 2000; Pennisi et al., 2000;
Négrel et al., 2002; Casanova et al., 2001, 2002, 2005).
In several studies, boron isotope compositions were also
used in an attempt to elucidate the source of B in
hydrothermal and geothermal waters (Musashi et al.
1988; Palmer and Sturchio 1990; Palmer 1991; Aggar-
wal et al., 2000, 2003; Kasemann et al., 2004).

Sr isotopes are known to be good tracers of water/rock
interactions. More specifically, *”Sr/*®Sr isotopic ratios in
river water are directly controlled by the dominant host
lithologies (Goldstein and Jacobsen, 1987). The varia-
tions in the Sr isotopic ratios of hydro-systems could also
provide information on the origin and the mixing

proportions of the various fluid components (Banner
et al. 1989; Négrel et al. 2001; Négrel and Petelet-Giraud
2005), and on the nature and the intensity of the water/
rock interaction process in relation to weathering source
tracing (Négrel et al., 1993; Millot et al., 2002, 2003).

A multi-isotopic approach is applied in the present
work for the characterization of hydro-geothermal waters
in relation to their source (lithology and temperature) in
order to evaluate the control of these parameters on the
8'Li- 6'"B-¥"St/*Sr signature of these waters. From a
general point of view, and particularly in geothermal
exploration, the geochemical characterization of geother-
mal waters is necessary to control the quality of these
waters, to determine their origin and to constrain the
mechanisms of water/rock interaction at high temperature
with a view to resource development.

2. The study sites: general setting
2.1. The Massif Central

Within the Massif Central (Fig. 1a), 5 different sites
were studied: Aigueperse, Cézallier, Sail-sous-Couzan,
Margeride and Cantal areas.

2.1.1. Aigueperse

The studied area in the Allier Limagne is a graben of
22,600 km” area with up to 3,000 m of sediments
(Genter et al., 2003, 2005). The Limagne Tertiary basin
(Fig. 1b) is made of formations dating from the
Oligocene to the Pliocene and also contains Pleistocene
sedimentary formations. The arkosic sandstone forma-
tions of the deeper part of the Limagne Basin systems
represent potential geothermal reservoirs with favour-
able petrophysical properties (porosity, permeability).

Ten sites were sampled along the study zone
(Fig. 1b). Waters from Joze, St Myon and Gimeaux
were obtained from sources or samples taken from
natural rising springs. The fluids of Montpensier, Royat
(Eugénie), Chatel-Guyon (Carnot and Louise), Vichy
(Doéme and Forage Antoine) and Bourbon Lancy
(Marquise) were collected by drilling. Some of the
waters are cold at shallow depth (Joze and St Myon),
while others are warm with temperatures ranging from
25 °C (Gimeaux) to 73 °C (Vichy — Forage Antoine).
Additional details concerning geological and the
hydrological settings has already been reported by
Millot et al. (in press) and Serra et al. (2007).

2.1.2. Cézallier
In the Cézallier area, several springs emerge with a
low flow rate (i.e. a few litres/min) from the intensively
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Fig. 1. (a) Map showing the sample location of French geothermal and thermo-mineral waters. (b) The detailed map of the French Massif Central is
given on the right hand side of the figure for the location of Aigueperse, Cézallier, Margeride, Coren, Chaudes Aigues and Sail-sous-Couzan samples.

fractured basement (Michard et al., 1987; Criaud and
Fouillac, 1986a,b; Beaucaire et al., 1987). The Cézallier
area is made up primarily of a metamorphic Variscan
basement. The two main bedrock types are gneiss and
volcanic deposits of the lava plateau (Feuga, 1987). Ten
sites were sampled along the study zone of the Cézallier
(Négrel et al., 2000).

2.1.3. Sail-sous-Couzan

The studied mineral water (Casanova et al., 2004) is
located in the village of Sail-sous-Couzan (east Massif
Central, Fig. 1b), emerging from granite-migmatite
series (Gagny et al., 1989). The water is characterized by
slightly acidic pH (6.2), high CO, concentrations and
high dissolved concentrations leading to a Na-ClI-HCOj3
type. The water is K-rich, since the granite contains a
large amount of K-bearing phases. The water sample
was collected in a borehole, regularly pumped at 100 m
depth in the granite.

2.1.4. The Margeride and the Cantal (Chaudes Aigues
and Coren)

In the Margeride Massif (located south of the Massif
Central, Fig. 1b), Na-HCO; springs emerge in the
granite with a low flow rate (Négrel et al., 2000). Further
to the west, the Chaudes Aigues and Coren springs

emerge (de Goér de Herve et al.,, 1988,1991). This
hydrothermal activity is related to a mantle upwelling,
which resulted in important alkaline volcanic activity
during the Neogene. The waters emerge from the
biotite-sillimanite gneiss of the para-autochthonous
series (de Goér de Herve et al., 1991). The salinities
of the waters are close to 940 mg/L with pH=6.3.

Just north of the Chaudes Aigues location (Fig. 1b),
the cold spring of Coren emerges. The spring is located
in the gneiss series (de Goér de Herve et al., 1988), in
close relation with the Margeride Massif, and is
characterized by a very high lithium content
(~ 27 mg/L) in the thermo-mineral water.

2.2. Soultz

The Soultz site is located on the west side of the
Oligocene Rhine Graben, on a thermal anomaly that has
long been recognized. The Graben structure is filled by
Tertiary deposits attaining a thickness of 1.5 km in the
west and 6 km in the east.

Soultz-sous-Foréts is the French site of the European
Hot Dry Rocks (HDR) program. Two boreholes were
drilled at this site between 1992 and 1994 in the granitic
basement to a depth of 3,600 and 3,800 m (GPK-1 and
GPK-2, respectively, Aquilina et al., 1997). In 1997, a
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Table 1
Synthesis of temperatures obtained by geothermometry for Aigueperse thermal waters
AIGUEPERSE sample name Geothermometers estimated

T°C
Joze Na-K-Ca, Ca/K?, Na/Li ~220 °C
Montpensier Na/K, Na-K-Ca, Ca/K>, F*K, Sr/K> ~175°C
Royat — Eugénie Na/K, Na-K-Ca, Na/Li, St/K*? ~230 °C
St Myon Na/K, Na/Li, Ca/K ~190 °C
Chatel-Guyon - Carnot, Louise Na/K, Na/Li ~200 - 220 °C
Gimeaux Na/K, Na/Li ~200 - 230 °C
Vichy - Dome, Forage Antoine Na/Li ~ 150 - 160 °C
Bourbon-Lancy — Marquise Na/K, Na-K-Ca, Ca/K?, Mg/Li, F*K ~170 - 190 °C

From Serra et al. (2003, 2007).

circulation test showed that it was possible to circulate
fluid at 25 L/s between two deep wells, 450 m apart, in the
depth range of 3,500-3,800 m (Baria et al., 1999).
Following this successful 4-month circulation test, GPK2
was deepened from 3,876 to 5,000 m and the bottom-hole
temperature increased from 165 to 200 °C (Rabemanana
etal., 2003). The sample GPK2 under consideration in the
present work originates from 5,000 m.

2.3. The Paris Basin

The Paris Basin is an intracratonic basin of some
6,000 km? and with up to 3,000 m of sedimentary infill
deposited on top of Hercynian basement. Sediments
range in age from Permian to Quaternary. There are two
main permeable petroleum reservoir units in the central
part of the Mesozoic of the Paris Basin: the Late Triassic
fluvial sandstones (Chaunoy Formation) and the Middle
Jurassic marine carbonates (Dogger Formation). The
Dogger aquifer is predominantly a limestone assem-
blage, 200-300 m thick, confined between the Liassic
and Upper Callovian marls. The Dogger aquifer has a
maximum depth of 1,900 m below sea level with
temperatures reaching 85 °C at Meaux (Matray et al.,
1994). The chemical composition shows that the waters
from the Dogger aquifer are essentially Na-Ca-Cl type
waters with salinities ranging from 8 to 35 g/L and
generally increase with increasing depth (Matray et al.,
1994). The geothermal waters under consideration in the
present study (Fig. 1) originate from the Dogger
formation (Meaux Hopital and Beauval).

2.4. The Pyrénées

The thermal waters are located in the Bagneéres-de-
Bigorre thermal district (Levet et al., 2002) with springs
at Reine and Regina discharging from drill holes that are
about 150 m deep. On the other hand, La Tour is a natural
spring. Regina and Reine are used for their therapeutic

properties in a thermal spa, whereas other springs are not
in use. It has been shown by Levet et al. (2002) that the
chemical characteristics of these thermal waters suggest
interactions with Mesozoic evaporite and carbonate.

2.5. The Alps

Uriage is characterised by groundwater systems
related to thermo-mineral springs (Razack and Dazy,
1990). The geological formations consist of a Hercynian
basement and a continuous sedimentary cover from
Carboniferous to Middle Jurassic age. The basement is
composed mainly of mica schists. The sedimentary
cover begins with clastic deposits of Paleozoic age
(Carboniferous and Permian). The Triassic formations
are composed of evaporites (anhydrite and gypsum),
dolomites and limestones. The lower Jurassic units
(Lias) comprise marly limestones (calcareous Lias),
calcareous marls and shales.

The geochemistry of the Uriage spring (Sarrot-
Reynauld, 1987) is typical of faulting tectonic control
of groundwater occurrence in a multi-reservoir system,
e.g. precipitation percolates down the system from the
exposures of Triassic evaporites (gypsum and anhydrite)
and basement mica schists with a deep system estimated
at 4,000 m depth.

3. Methods
3.1. Sampling

Water samples for isotopic determination were
collected in acid-washed polyethylene bottles and then
filtered through pre-washed 0.2 pm Sartorius cellulose
filters using a cleaned polycarbonate Sartorius apparatus
under nitrogen. Samples were acidified with ultra pure
nitric acid down to pH<2 for Sr and Li isotope
determination and stored in non-acidified bottles for B
isotope determination.
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Table 2
Chemical and isotopic characteristics of geothermal, thermo-mineral, and thermal waters of various sites in France
Location Sample name water type T (°C) emergence T (°C) geothermometry Na mg/L
AIGUEPERSE Joze Thermo-mineral water 13.5 220 753
Montpensier Thermo-mineral water 41.8 175 1280
Royat - Eugénie Thermal water 342 230 933
St Myon Thermo-mineral water 12.1 190 711
Chatel Guyon - Carnot Thermal water 36 210 844
Chatel Guyon - Louise Thermal water 345 210 829
Gimeaux Thermo-mineral water 25.3 215 485
Vichy - Dome Thermal water 62.2 155 1710
Vichy - Forage Antoine Thermal water 72.6 155 1480
Bourbon Lancy - Marquise Thermal water 56.5 180 474
CEZALLIER Le Bard Macgonnerie Thermo-mineral water 11 200 1127
St Hérent Riviére Thermo-mineral water 14.6 205 1134
Zagat max Thermo-mineral water 13.6 210 1224
Chassole Ste Marguerite Thermo-mineral water 7.9 210 1017
Zagat max Thermo-mineral water 3.8 200 962
Veéze Supérieure Thermo-mineral water 15.1 205 626
Chantejail Thermo-mineral water 8.6 210 886
Le Moulin Thermo-mineral water 12.1 200 862
Conche Tuyau Thermo-mineral water 114 135 748
Pyronnée Captage Thermo-mineral water 16.7 125 899
FOREZ Sail sous Couzan Thermo-mineral water 13 200 610
MARGERIDE Fontaine Haute Mazel Thermo-mineral water 9.5 190 452
Fontaine basse 1 Thermo-mineral water 9.8 185 948
Rancl Thermo-mineral water 8.6 120 579
Ranc2 Thermo-mineral water 8.4 215 429
CHAUDES AIGUES Vialard Thermal water 68.6 190 252
Hospice Thermal water 67.1 195 236
Montchasson Thermal water 12 210 407
Coren Thermo-mineral water 9.5 220 2610
SOULTZ GPK2 5000m geothermal water 30 230 27400
DOGGER Meaux Hopital geothermal water 77.6 100 9884
Meaux Beauval 1 geothermal water 76.5 100 9147
PYRENEES Reine Thermal water 44.7 60 69
La Tour Thermal water 43.1 60 61
Regina Thermal water 49.9 60 70
ALPS Uriage Thermal water 25.2 110 2787

The typology listed in Table 2 is based on the use of the waters under consideration: 1-‘geothermal waters’ correspond to water samples for which a
geothermal exploitation is known (Soultz, Dogger), 2-‘thermo-mineral waters’ correspond to saline waters that are relatively cold at the surface but
are linked to a deep hot reservoir (Chaudes Aigues, Cézallier, Aigueperse, Margeride, and Sail), and 3-‘thermal waters’ correspond to waters used
for their therapeutic properties (Pyrénées, Uriage). Lithium, boron and strontium isotopic data for Aigueperse water samples, and lithium isotopic
data for Cézallier and Margeride waters are from Millot et al. (in press). Strontium isotopic data for Margeride samples are from Négrel (1999).

3.2. Major elements, Li-B-Sr concentrations and
isotopic measurements

The water samples were analyzed by ion chroma-
tography for major cations and anions (accuracy 5-
10%), and by inductively coupled plasma mass
spectrometry (ICP-MS) for lithium, boron and strontium
concentrations (accuracy 5%).

Lithium isotopic compositions were measured using a
Neptune Multi-Collector ICP-MS (Thermo Fischer
Scientific) in operation at the BRGM Isotopic Geochem-
istry Laboratory (see Millot et al., 2004 for more details).
"Li/°Li ratios were normalized to the L-SVEC standard

solution (NIST SRM 8545, Flesch et al., 1973) following
the standard-sample bracketing method. Typical in-run
precision on the determination of 8'Li is about 0.1-0.2%o
(20y,). Chemical separation of lithium from the matrix
was achieved before the mass analysis following a
procedure modified from the technique of James and
Palmer (2000) and using cationic resin (BioRad AG®
50W-X12, 200-400 mesh) and HCl acid media (0.2N) for
30 ng of lithium. Blanks for the total chemical extraction
were less than 20-30 pg of Li, which is negligible since it
represents a 10 blank/sample ratio. Accuracy and
reproducibility of the total method (purification proce-
dure+mass analysis) were tested by repeated
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Cl mg/L Li pg/L B pg/L Sr pg/L 8"Li (%o) 8'"'B (%o) 87Sr/80Sr
420 4371 1369 2850 52 1.9 0.713687
226 7081 1169 3450 6.9 0.3 0.713186
1021 6631 6934 5910 24 -6.3 0.712181
211 4311 646 3080 5.0 0.2 0.713456
2130 4911 1299 8740 3.3 12.6 0.710581
2087 4711 1199 8390 3.4 113 0.710518
616 2890 628 3910 2.5 7.7 0.712503
356 5201 1788 1450 6.2 0.9 0.714393
274 4681 1539 1590 6.6 0.7 0.714056
760 5021 1758 960 52 2.8 0.710940
630 5062 8370 4539 44 2713 0.716155
673 4911 6897 4147 43 -6.6 0.716409
400 6880 nd nd 3.0 nd 0.716756
489 5353 6740 3204 29 -5.8 0.716769
419 5801 1899 3571 2.9 -4.6 0.716756
228 3274 1370 2376 28 -8.3 0.716476
338 5293 2745 3240 2.9 -15 0.716965
289 4974 2457 2522 32 -1.9 0.718055
88 1750 1665 1702 438 12 0.716773
109 1760 1944 1589 55 -0.2 0.716338
66 3108 565 1762 44 1.1 0.714410

19 1940 169 1946 5.0 11.4 0.713167

38 4353 329 4759 49 14.7 0.712968

29 1097 180 436 3.8 11.9 0.716360

19 2753 1540 283 2.6 nd 0.716241

75 833 1625 450 3.1 -4.0 0.717456

75 773 1558 430 43 -34 0.721874
165 3094 3411 410 3.0 -4.1 0.717456
1830 26931 29900 943 15 2.7 0.718026
59000 153000 34400 406000 0.1 49 0.711319
17600 2898 21600 65300 10.0 21.6 0.707880
18400 2717 13500 64400 9.9 20.8 0.708010
110 61 97 10310 7.9 3.1 0.707642
92 52 95 9786 8.1 3.0 0.707581
111 59 86 10434 8.0 3.9 0.707550
3635 2800 1494 8920 6.9 -1.2 0.713497

measurement of a seawater sample (IRMM BCR-403)
after separation of lithium from the matrix, for which we
obtained a mean value of §’Li=+30.8%0+0.4 (25, n=15)
over the period of the duration of the analyses. This mean
value is in good agreement with our long-term measure-
ment (87Li:+31.0%oi0.5, 20,n=30, Millot et al., 2004)
and with other values reported in the literature (see for
example Tomascak 2004 for a compilation).

Boron isotopic compositions were determined on a
Finnigan MAT 261 solid source mass spectrometer. For
these samples, water volumes corresponding to a boron
quantity about 10 pg underwent a two step chemical
purification using Amberlite IRA-743 selective resin

according to a method adapted from Gaillardet and Allegre
(1995). The boron aliquot sample (2 pg) was then loaded
onto a Ta single filament with graphite, mannitol and Cs,
and the B isotopes were determined by measuring the
Cs,BO; ion (Spivack and Edmond, 1986; Spivack et al.,
1987). Total boron blank is less than 10 ng. The values are
given using the 6-notation (expressed in %o) relative to the
NBS951 boric acid standard. The ''B/'°B of replicates
analysis of the NBS951 boric acid standard after oxygen
correction was 4.04845+0.00104 (20, n=19) during this
period. The reproducibility of the 8''B determination is
then +0.3%o (20) and the internal error is better than 0.3%o
2 om).
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Chemical purification of Sr (~3 pg) was performed
using an ion-exchange column (Sr-Spec) before mass
analysis according to a method adapted from Pin and
Bassin (1992), with total blank <1 ng for the entire
chemical procedure. After chemical separation, around
150 ng of Sr was loaded onto a tungsten filament with
tantalum activator and analyzed with a Finnigan MAT
262 multi-collector mass spectrometer. The *’Sr/*®Sr
ratios were normalized to an *°Sr/**Sr ratio of 0.1194.
An average internal precision of 10 ppm (2 o,,) was
obtained and reproducibility of the *’Sr/*°Sr ratio
measurements was tested through repeated analyses of
the NBS987 standard, for which we obtained a mean
value of 0.710243+22x10°° (20, n=13) during the
period of analysis.

3.3. Chemical geothermometry

The concentrations of most dissolved elements in
thermo-mineral and/or geothermal waters are functions of
the water aquifer temperature and the weathered miner-
alogical assemblage (White, 1965; Ellis, 1970; Truesdell,
1976; Arndrsson et al., 1983; Fouillac, 1983). Thus, as
concentrations can be controlled by temperature-depen-
dent reactions, they could theoretically be used as
geothermometers to estimate the deep temperature of
the water. However, to be used in this way, further
conditions must be fulfilled as summarised by Fournier
and Truesdell (1974), Michard (1979) and Giggenbach
(1981): 1-temperature-dependent reactions occur at
depth; 2-the constituents involved are sufficiently
abundant (i.e. supply is not a limiting factor); 3-water/
rock equilibration occurs at the reservoir temperature; 4-
little or no re-equilibration or change in composition
occurs at lower temperatures as the water flows from the
reservoir to the surface; 5-the hot water coming from
deep does not mix with cooler shallow ground water; 6-
no exchange reactions with argillaceous minerals for Na
and K in particular occur (Weissberg and Wilson, 1977).

Traditional geothermometer equations (White, 1965;
Fournier and Rowe, 1966; Ellis, 1970; Fournier, 1973,
1977, 1979; Fournier and Truesdell, 1973; Fournier and
Potter, 1979; Truesdell, 1976; Giggenbach et al., 1983;
Giggenbach, 1988) include a silica geothermometer
(based on quartz, chalcedony, o or (3 cristobalite and
amorphous silica solubility), a Na/K geothermometer
(controlled by plagioclase and K-feldspar equilibrium)
and a Na-K-Ca geothermometer (in the case of rich-Ca
waters and that can include the Mg correction).

Other chemical geothermometers have been devel-
oped, in particular those using lithium (Fouillac and
Michard, 1981; Kharaka et al., 1982; Michard, 1990).

Unlike Na/K geothermometers, thermometric relation-
ships dealing with this chemical element are not linked
with mineralogical equilibrium between water and Li-
bearing mineral. Kharaka et al., (1982, 1985) and Kharaka
and Mariner (1989) have fitted these geothermometers for
water samples coming from petroleum wells. Modified
versions of these Na/Li chemical geothermometers and an
Mg/Li geothermometer have been developed for the
estimation of sedimentary basin subsurface temperatures
(from 30 to 200 °C).

Other geothermometers have been proposed. The St/
K? geothermometer defined by Michard (1990) follows
from a statistical analysis of granitic deep waters coming
from Europe. Giggenbach et al. (1983) have also
proposed an Mg/K? geothermometer that can be used
when dissolved sodium and calcium are not at
equilibrium with minerals. Other geothermometers
include Ca/K? (Fournier and Truesdell, 1973; Michard,
1990), Cs/Na, Fe/K?, Rb/Na, F*K and Mn/K?
geothermometers (Michard, 1990).

The method of chemical geothermometry having been
discussed, we can now focus on the water samples under
consideration in the present study and more especially on
the thermo-mineral waters from the Massif Central in the
Aigueperse area. In the Massif Central area, it has been
shown that numerous thermo-mineral waters have lost
part of their initial amount of silica (Fouillac, 1983;
Michard et al., 1981; 1987), which could explain the low
temperatures of these waters (e.g. in the range 100-
150 °C) obtained with silica geothermometers. Using the
geothermometers based on cationic ratios, most of the
temperatures of the reservoirs in the Massif Central at
depth range between 175 and 230 °C as previously
demonstrated (Michard et al., 1976, 1981, 1987; Baubron
et al., 1979; Fouillac, 1983; Fouillac and Michard, 1979,
1981) with the exception of Vichy (around 130°C). The
mean temperature for each site in the Aigueperse zone is
given in Table 1 (Serra et al., 2003, 2007) by using the
following set of geothermometers (i.e. Si, Na-K, Na-K-
Ca, Na/Li, Mg/Li, St/K?, Mg/K?, Ca/K?, Cs/Na, Fe/K?,
Rb/Na, F+K and Mn/K?) and applying those that are
converging to the same temperature estimation (Table 1).
The convergence of the geothermometers and the whole
method of calculation are discussed in details by Serra
et al. (2007) for the Aigueperse samples.

Similarly to the Aigueperse area, the temperatures of the
reservoir(s) in the other sites (Chaudes-Aigues, Cézallier,
Soultz, Pyrénées, Margeride, Sail and Dogger) were
defined using several geothermometers and agree with
previous studies (Fouillac and Michard, 1981; Rojas et al.,
1990; Aquilina et al., 1997; Levet et al., 2002; Rabema-
nana et al., 2003). The results are reported in Table 2.
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4. Results
4.1. Major and trace elements

A useful first step is to examine the behavior of the
major cations. In this context, Fig. 2 illustrates the
relationship between Cl (considered as a conservative
element) and Na, which is largely controlled by the
intensity of water/rock interaction.

Comparison between the Na and CI concentrations
indicates that the high salinity samples have Na/Cl ratios
that are similar to those of seawater (consistent with a
high formation water component of the fluids), whereas
the lower salinity fluids show clear evidence of Na
enrichment resulting from water-rock interaction.

Lithium concentrations range widely between 52 g/
L (La Tour, Pyrénées) and 153,000 ng/L for the GPK2
well in Soultz, but in general the Li contents are greater
than 1,000 pg/L. Compared to river waters, the
hydrothermal and geothermal waters are markedly
enriched in lithium, with average river water concentra-
tions (1.5 pg/L; Huh et al. 1998) being ~ 1,000 times
lower than the waters studied here.

Boron concentrations are also very variable and
range from 86 to 34,400 pg/L, respectively for Regina
(Pyrénées) and Soultz. As already observed for Li

concentrations, waters from the Pyrénées have the
lowest concentrations for boron (from 86 to 97 ng/L).

Strontium concentrations range from 283 to
406,000 pg/L, respectively for Ranc2 (Margeride) and
Soultz. Basically, low Sr concentrations are measured in the
Margeride waters (283 to 436 pg/L, Ranc2 and Rancl) as
well as in Chaudes Aigues waters (from 410 to 943 pg/L),
whereas the highest concentrations are found in the Soultz
(406,000 pg/L, GKP2) and in the Dogger geothermal
waters within the Paris Basin (~ 65,000 pg/L).

4.2. Lithium, boron and strontium isotopes

The &’Li values of the hydrothermal and geothermal
waters range from-0.1 to +10.0%o, and are generally lower
than the range observed in global rivers (+6.0 to +37.5%o;
Huh et al., 1998). Although the relationship between &'Li
values and Li concentrations is not simple, there is a
tendency for the samples with the lowest concentrations to
have the highest 5'Li values, and visa versa (Fig. 3).

Boron isotopic compositions range from -8.3 to
+21.6 %o, with no apparent relationship between the
5''B values and boron concentrations (Fig. 3).

The *’Sr/*°Sr ratios of the waters range between
0.70755 and 0.72187, with a tendency for samples with
the highest Sr concentrations to have the lowest isotope
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Fig. 2. Sodium concentrations (mg/L) reported as a function of chloride concentrations (mg/L) in thermal, geothermal and thermo-mineral waters.
The straight line of 1:1 slope and seawater dilution line have been added in this figure for comparison.
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Fig. 3. Lithium, boron and strontium isotopic systematics represented as a function of their Li, B and Sr concentrations for the different thermal,

geothermal and thermo-mineral waters.

ratios, and visa versa (Fig. 3). Overall, the highest
87S1/%6Sr ratios are observed in the granite-hosted
systems and are consistent with previous measurements
of granite-hosted fluids (Goldstein and Jacobsen, 1987,
Négrel, 1999; Négrel et al., 2000).

5. Discussion

5.1. Sr- B isotopic systematics and temperature of the
reservoir

The temperatures of the waters derived from the
hydro-geothermal reservoirs were calculated using

chemical geothermometers and show a wide range of
variation between 60 and 230 °C (cf. 3.3.). The
strontium and boron isotopic systematics of these
waters are represented in Fig. 4 as a function of
temperature.

First of all, by comparing these two types of data, it is
obvious that the temperature parameter is much less
constrained compared to the precision of the isotopic
analyses. Indeed, we can estimate a global uncertainty
about £15% (15x107%) for temperature calculation by
geothermometry. This uncertainty is based on the
convergence of several geothermometers applied for
the calculation. This uncertainty is significantly higher
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Fig. 4. Strontium isotopic ratios (*’St/**Sr) and boron isotopic compositions (5''B, %o) plotted as a function of the temperature of the reservoir calculated by
using chemical geothermometers. The ranges of variation in *’St/*°Sr and ''B for main lithologies (granite and gneiss, carbonate and evaporite) have been
added for comparison from a compilation of ’St/**Sr and 6''B values published by Goldstein and Jacobsen (1987), Barth (1993), Négrel (1999) Négrel et al.
(2000) and Barth (2000). We can remark that variations in B and Sr isotope tracers appear to be largely controlled at the first order by the dominant host
lithologies. However, it is also likely that some lithologies could also present locally some variation range due to the presence of peculiar mineral phases.

compared to the level of precision for B or Sr isotopic
measurements, +0.3%o (0.3x107%) and 10 ppm
(10x10°%) respectively for 6''B and ¥’Sr/**Sr isotopic
ratios, cf. paragraph 3.2.

In Fig. 4, we observe no apparent relationship between
the 6''B values and *’Sr/*°Sr ratios with temperature.
Rather variations in both isotope tracers appear to be
largely controlled by the dominant host lithologies, with

samples from the granite-hosted systems (Cézallier,
Margeride) having 8''B values and *’Sr/*°Sr ratios
similar to characteristic isotope signatures of these
sources. Whereas the carbonate and evaporite-hosted
systems (Dogger, Pyrénées) display Sr and B isotope
signatures that are similar to these source rocks. The other
waters have intermediate &''B-*7Sr/®°Sr isotope
signatures.
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5.2. Lithium isotopes and temperature of the reservoir

In Fig. 5, lithium isotopic compositions of thermal,
thermo-mineral and geothermal waters are represented
according to the temperature of the deep reservoir. It is
important to note that the temperatures reported for the
deep reservoirs illustrated in Fig. 5 are the mean values
calculated from several geothermometers (cf. paragraph
3.3) and do not correspond to the temperature obtained
with the only Na/Li geothermometer. Again, it is
important to underline the fact that we compare Li
isotopic measurements (relative precision of £0.5%o)
with temperature (uncertainty about +15%).

The Fig. 5 indicates that (in contrast to boron and
strontium) temperature seems to play an important role
in controlling the lithium isotope composition of the
fluids analysed in this study. A corollary of this
observation is that the &’Li values are less dependent
on the nature of the host lithology. In part, this could be
due to the fact that the range of 8’Li values in the host
lithologies of the systems studies here is much narrower
than is the case for the 5''B values and *’St/*Sr ratios

(Goldstein and Jacobsen, 1987; Barth, 1993; Négrel,
1999; Négrel et al., 2000; Barth, 2000).

When the lithium isotopic composition (6Li, %o) of
the water is reported as a function of the temperature of the
reservoir (T, °C), we observe a negative linear relationship
(Fig. 5) whose equation is ' Li=-0.043+0.003 T+ 11.9+
0.5 determined using the FREML method (Functional
Relationship Estimation by Maximum Likelihood; AMC
2002), with correlation coefficients 0f-0.83 and-0.86 for
Pearson’s and Spearman’s R respectively.

The range of variation in 6’Li signatures of hydro-
thermal waters is about 10%o for temperatures lying
between 60 and 230 °C.

It is likely that most of the waters had undergone
considerable cooling from their reservoir temperatures
prior to sampling, either through conductive cooling or
dilution by groundwaters during shallow circulation.
However, the fact that the &’Li-reservoir temperature
persists, suggests that Li isotope systematics in the
reservoir has not been reset to a significant extent. In
part, this could reflect the relatively low contribution of
surface waters due to their low Li concentrations (Huh
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Fig. 5. Lithium isotopic composition (87Li, %o) represented as a function of the temperature of the hydro-geothermal reservoir calculated by chemical
geothermometry. The regression line equation is 8/Li=-0.043+0.003 T+11.9+0.5 with values 0f-0.83 and-0.86 for Pearson’s and Spearman’s R
coefficients respectively. We used the FREML method (Functional Relationship Estimation by Maximum Likelihood; AMC, 2002) that allows the
calculation the regression equation by taking into account of the uncertainties of the data. The dashed lines represent the uncertainty on this linear
correlation based on the FREML method estimation taken into account the uncertainties of each data on both X and Y axis.
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et al., 1998), but it also could suggest that the kinetics of
isotope re-equilibration is relatively slow.

Several studies have shown that lithium isotopes
are fractionated during water-rock reactions, with the
heavy isotope ('Li) being preferentially released into
solution, and the light isotope (°Li) retained in the
solid phase (Huh et al., 1998; 2001; Pistiner and
Henderson, 2003; Teng et al., 2004; Kisakiirek et al.,
2005; Pogge von Strandmann et al., 2006; Millot
et al., in preparation). As with most stable isotope
systems, the extent of this isotope system is expected
to be temperature dependent, with more extensive
fractionation at lower temperatures. Hence, the rela-
tionship observed in Fig. 5 is most simply interpreted
in terms of a greater degree of Li isotope fraction-
ation between water and rock at lower temperatures,
whereas the &'Li values of the higher temperature
solutions are more similar to those of the host
lithology. The scatter observed in the trend presum-
ably also reflects some (relatively small) differences in
the 8’Li value of the host rocks, together with small
amounts of Li derived from mixing of the spring
waters with surface waters.

The observations in this study suggest that the &’Li
composition of geothermal waters may be utilised as a
geothermometer, particularly where the Li isotope
composition of the host rocks are well characterised.
However, further work is required to more accurately
constrain the temperature dependence of Li isotope
fractionation in this environment.

6. Conclusions and perspectives

The purpose of the present work was to characterize
hydro-geothermal reservoirs in France by the use of a
multi-isotopic study (Li, B and Sr) by coupling this
approach with a more classical characterization of deep
reservoirs using chemical geothermometry.

The main results of this study are:

e There is no apparent relationship between the 6''B
values and ®’Sr/*°Sr ratios with temperature in
hydro-geothermal waters. Variations in B and Sr
isotope tracers appear to be largely controlled by the
dominant host lithologies.

® [n contrast to boron and strontium, temperature plays
an important role in controlling the lithium isotope
composition of the fluids analysed in this study.
When the lithium isotopic composition (6’Li, %o) of
the water is reported as a function of the temperature
of the reservoir (T, °C), we observe a negative linear
relationship whose equation is 8’Li=-0.043+0.003

T+11.9+0.5. This result suggests that the &’Li
composition of geothermal waters may be utilised as
a geothermometer.

However, further work is required to more accurately
constrain the temperature dependence of Li isotope
fractionation in hydro-geothermal systems.

It is likely that one of the best approaches would be to
consider a geothermal field at a smaller scale with a
more or less constant lithology and with known
variations in temperature inside the geothermal system.
Consequently, it should be possible to compare lithium
isotopic signatures with temperature variation at the
scale of a single geothermal field.
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Chemical and isotopic data for 23 geothermal water samples collected in New Zealand within the Taupo
Volcanic Zone (TVZ) are reported. Major and trace elements including Li, B and Sr and their isotopic com-
positions (57Li, 8''B, 87Sr/®6Sr) were determined in high temperature geothermal waters collected from
deep boreholes in different geothermal fields (Ohaaki, Wairakei, Mokai, Kawerau and Rotokawa geother-
mal systems). Lithium concentrations are high (from 4.5 to 19.9 mg/L) and Li isotopic compositions (8’Li)
are homogeneous, ranging between —0.5%0 and +1.4%.. In particular, it is noteworthy that, except for the
samples from the Kawerau geothermal field having slightly higher 8”Li values (+1.4%), the other geother-
mal waters have a near constant 5’Li signature around a mean value of 0% * 0.6 (2, n = 21). Boron con-
centrations are also high and relatively homogeneous for the geothermal samples, falling between 17.5
and 82.1 mg/L. Boron isotopic compositions (5!'B) are all negative, and display a range between
—6.7%0 and —1.9%.. These B isotope compositions are in agreement with those of the Ngawha geothermal
field in New Zealand. Lithium and B isotope signatures are in a good agreement with a fluid signature
mainly derived from water/rock interaction involving magmatic rocks with no evidence of seawater
input. On the other hand, Sr concentrations are lower and more heterogeneous and fall between 2 and
165 pg/L. The 37Sr/86Sr ratios range from 0.70549 to 0.70961. These Sr isotope compositions overlap those
of the Rotorua geothermal field in New Zealand, confirming that some geothermal waters (with more
radiogenic Sr) have interacted with bedrocks from the metasedimentary basement. Each of these isotope
systems on their own reveals important information about particular aspects of either water source or
water/rock interaction processes, but, considered together, provide a more integrated understanding of
the geothermal systems from the TVZ in New Zealand.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction the signature of the reservoir that the waters come from, given that

Sr isotopes are a good tracer of water origin for groundwaters and

In the present work, chemical and isotope data for 23 geothermal
water samples from the Taupo Volcanic Zone (TVZ) in
New Zealand are reported. Chemical and isotopic data were deter-
mined for these deep geothermal waters in order to provide further
constraints on the characterization of the associated deep geother-
mal reservoirs. The present study aims, therefore, to characterize
the fluids from the geothermal systems for the TVZ and, more specif-
ically, to constrain the nature and origin of these fluids: two essen-
tial parameters for the characterization of a geothermal resource.

Major and trace elements are first investigated in order to
determine the chemical signature of the TVZ geothermal samples.
A multi-isotopic approach is then used to provide additional
information for the characterization of these waters. Strontium
isotopes (87Sr/5Sr) are investigated in order to better constrain

* Corresponding author. Tel.: +33 2 38 64 48 32; fax: +33 2 38 64 37 11.
E-mail address: r.millot@brgm.fr (R. Millot).

0883-2927/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apgeochem.2011.12.015

geothermal waters (Stettler and Allégre, 1978; Elderfield and
Greaves, 1981; Graham, 1992; Stueber et al, 1993; Aquilina
et al., 1997; Négrel et al., 1997; Négrel, 1999; Vengosh et al.,
2002; Millot et al., 2007). In addition, Li and B isotopic composi-
tions of the TVZ geothermal waters were determined with the
objective of evaluating the utility of these isotopic tools to con-
strain the water/rock interaction. Indeed, the isotopic composition
of B (8''B) is determined in an attempt to elucidate the source and
processes controlling B in geothermal waters (Aggarwal et al.,
2003), and the use of Li isotopic systematics (3’Li) is also explored,
following recent papers indicating that Li isotopes seem to be an
effective tracer of water/rock interaction in geothermal waters
(Millot et al., 2007, 2010a; Millot and Négrel, 2007).

The present study evaluates the information that can be
obtained using a multi-isotopic approach to characterize geother-
mal waters. More precisely, it is demonstrated how a combination
of these isotopic tracers can help to decipher water-rock


http://dx.doi.org/10.1016/j.apgeochem.2011.12.015
mailto:r.millot@brgm.fr
http://dx.doi.org/10.1016/j.apgeochem.2011.12.015
http://www.sciencedirect.com/science/journal/08832927
http://www.elsevier.com/locate/apgeochem

678 R. Millot et al./Applied Geochemistry 27 (2012) 677-688

New Zealand
Q
Auckland
Y

North Island Taupo

%

Wellington
W Christchurch
South Island

3:7 500 km

Wairakei ¢

Lake Taupo

&

Mont Ruapehu

Lake Rotorua

Bay of Plenty

Kawerau

Mont Tarawera

Ohaaki

Rotokawa

50 km

Fig. 1. Geothermal sample locations. These geothermal waters were sampled by Contact Energy Limited for the Ohaaki and Wairakei geothermal systems and by Mighty
River Power Limited (MRP) for the Mokai, Kawerau and Rotokawa geothermal systems respectively.

interaction processes. However, each isotopic system can only pro-
vide information concerning the chemical behavior of the element,
but considered together, this multi-isotope approach can provide a
more integrated understanding of the TVZ geothermal system in
New Zealand.

2. The Taupo Volcanic Zone

Situated in the middle of the North Island of New Zealand, the
TVZ is an area of both volcanic and geothermal activity. Rhyolitic
volcanic activity in the area is thought to have commenced
1.6 Ma ago. The enhanced activity in the region is a result of an ac-
tively extending back-arc rift, due to the subduction of the Pacific
plate beneath North Island. This area is characterized by an extre-
mely high heat flow. The average heat flux from the central zone of

the TVZ, which contains most of the geothermal fields, is about
700 mW/m? (Bibby et al., 1995).

Geothermal systems occur in many parts of New Zealand. The
conventional geothermal resources of New Zealand are currently
situated at depths between 1 and 3 km, with temperatures up to
330 °C. High temperature geothermal fields (T > 250 °C) are princi-
pally located in the TVZ (Fig. 1), with another high temperature
field at Ngawha in Northland. Moderate to low and very low tem-
perature systems (T < 250 °C) are more widely scattered. Some are
associated with areas of young volcanism: in Northland, Hauraki
Plains, and the coastal Bay of Plenty. Many hot springs, particularly
in the South Island, are associated with faults and tectonic features.

The TVZ is 20-80 km wide and extends from Mt Ruapehu in the
south to the Okataina Volcanic Center (Mt Tarawera) in the north
and continues 200 km offshore. The zone is flanked by thick aprons
of welded pyroclastic flows that form shallow dipping plateaus.



Table 1
Sample list including geothermal site, sample i.d., latitude and longitude, depth of borehole (m), deep temperature estimates given by geothermometry (°C) and date of sampling. Major and trace elements concentrations (mg/L) in the
geothermal water samples are also reported in this table and Li, B and Sr isotopic compositions. d.l. is the detection limit (5 pg/L for Mg). Individual errors (20y,) are also reported for isotopic data.

Geothermal Well  Coordinates Borehole Deep Date Na K Mg Ca cl SO, Br Sio,  Li B Sr 8’Li 20, 8''B 20m SISt 20,
system ID latitude  Longitude depth (m) temper- (mg/L) (mg/L) (pg/l) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (ug/L) (%) (%)
ature (°C)

Ohaaki BR25 S$38°31'58” E176°18'43” 680 215 10/7/2004 813 94 <d.L 0.106 728 19 2 432 1032 21.71 479 -0.01 0.12 -3.43 0.09 0.707855 0.000006
Ohaaki BR49 $38°32'16” E176°18'37” 1270 280 10/4/2005 1108 206.5 8.4 2.143 1475 4 3.7 967 12.74 82.13 68 0.24 0.16 —3.50 0.08 0.709612 0.000006
Ohaaki BR9 S$38°31’11” E176°18'24” 1000 205 4/3/2006 739 722 83 1.647 666 74.8 19 384 7.62 17.50 99.1 -0.52 0.14 -3.93 0.06 0.706058 0.000009
Ohaaki BR22 S$38°31’10' E176°18'34” 670 249 4/3/2006 864 1374 53 1.758 1080 58.8 3.1 709 9.53 28.22 55.8 -0.30 0.24 —-4.71 0.07 0.706312 0.000007
Ohaaki BR20 $38°31’18” E176°18'36” 1000 248 4/23/2007 825 1102 154 1.859 1009 60.5 3 662 8.84 26.31 47 —-0.45 0.22 —-4.84 0.08 0.705900 0.000007
Ohaaki BR54 S$38°31'06” E176°18'35” 1430 261 5/1/2007 773 1214 <d.l. 1.624 928 435 2.7 792 8.27 23.06 29.7 -0.14 0.20 —-4.23 0.11 0.706215 0.000007
Ohaaki BR44 S$38°31'53” E176°19'06” 760 243 8/28/2007 839 102.2 5.1 2.146 1173 124 3.2 664 838 35.10 114.7 -0.08 0.18 —4.35 0.09 0.706837 0.000007
Ohaaki BR14 $38°3706” E176°19'19” 590 226 8/31/2007 799 81.1 254 12.625 1308 39 3.7 554 6.77 36.91 1652 -0.17 0.24 —4.30 0.07 0.705942 0.000007
Ohaaki BR48 $38°31'06” E176°17'53” 1360 265 9/28/2007 780 136.1 <d.l. 1.872 1017 413 2.8 877 8.10 25.53 26.8 -0.18 0.12 —4.39 0.07 0.706079 0.000007
Ohaaki BR60 S$38°31’10” E176°17'54” 1800 280 7/23/2008 941 199.2 8.9 2.686 1485 10.2 4.4 984 10.10 38.40 904 -0.13 0.10 —-6.34 0.07 0.706409 0.000008
Ohaaki BR56 $38°31’01” E176°18'17” 1880 297 9/3/2008 892 2205 279 3.003 1508 9.5 43 1169 9.30 32.06 35.6 0.24 0.26 —-5.45 0.08 0.706572 0.000006
Wairakei WK245 S38°37'04” E176°02'59” 800 251 9/7/2008 1264 2174 <d.. 10.923 2295 34.1 54 709 13.28 24.81 50.3 0.24 0.14 -2.84 0.09 0.705490 0.000009
Wairakei WK70 S38°37'22" E176°04'22" 600 229 10/8/2008 1080 146.1 8.6 20.434 1882 35 4.5 602 9.78 2339 88.3 0.27 0.30 -3.23 0.08 0.705600 0.000008
Wairakei WK247 S38°36'55” E176°03'20” 2300 251 3/5/2007 1302 2132 7.5 27.667 2295 34 5.8 677 12,12 2597 101 0.23 0.12 -2.41 0.09 0.705738 0.000007
Wairakei WK235 S38°36'53” E176°03'23” 700 220 3/4/2008 1250 175.6 9.2 20.911 2229 337 5.6 477 1258 24.06 1209 0.31 0.18 —-1.92 0.09 0.705587 0.000008
Wairakei WK28 S38°37’32” E176°04'09” 600 207 4/14/2008 1060 139.3 16.7 21.261 1846 444 4.6 455 9.48 22.44 99.4 0.11 0.18 -2.48 0.12 0.705658 0.000008
Wairakei WK24 S38°3721” E176°04'18” 600 219 7/30/2008 1007 1282 7.2 20.247 1731 349 4.3 521 9.03 20.75 85.9 0.69 0.18 -2.15 0.08 0.705616 0.000007
Mokai MK3 S$38°31/34” E175°56'23"” 1679 300 2/24/2009 1246 288.6 14.6 7.965 2398 11.7 5.6 799 16.88 24.79 28.5 0.02 0.16 —-1.98 0.09 0.705636 0.000006
Mokai MK7 S$38°31'36” E175°55'34” 2252 290 2/25/2009 1477 3382 27.2 12.086 2834 6.6 5.9 777 19.94 31.10 50 0.39 0.16 -2.36 0.09 0.706789 0.000007
Kawerau KA37 $38°03'52” E176°43'34"” 1306 270 1/29/2009 586 929 <d.L 1.891 797 264 2 822 446 37.34 351 142 0.18 -2.84 0.06 0.706170 0.000009
Kawerau KA19 $38°03'32” E176°43'07" 1108 260 1/28/2009 665 994 6.9 2468 932 146 2 803 497 4228 55.3 1.38 0.16 —-1.99 0.06 0.705919 0.000007
Rotokawa  RK14 $38°36/33” E176°11'25"” 2500 315 4/8/2009 422 126.7 <d.L 1.632 764 2.6 1.3 1006 5.67 21.80 4.3 0.08 0.16 —6.70 0.06 0.709240 0.000007
Rotokawa  RK5 $38°36'31” E176°11'40” 2783 320 4/7/2009 388 112.1 <d.L 1.232 674 39 1.1 1027 5.18 17.90 2.1 0.06 0.20 -5.25 0.07 0.705554 0.000007
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Within the TVZ, the different geothermal fields are distributed in
two bands approximately 20 km apart. It was estimated by Bibby
et al. (1995), that 75% of the heat flow occurs in the eastern band
and 25% in the west. Samples were collected from 5 geothermal
fields within the TVZ: Kawerau, Rotokawa and Ohaaki from the
eastern side, and Mokai and Wairakei from the western side
(Fig. 1).

Temperatures of over 300 °C are recorded for the fluids of the
geothermal systems within the TVZ, generally within the eastern
fields e.g. Kawerau (315 °C) and Rotokawa (330 °C) (Kissling and
Weir, 2005). Maximum temperatures at Wairakei reach 265 °C
(Kissling and Weir, 2005), with Mokai reaching 326 °C.

Giggenbach (1995) used the variations of H,0, CO, and Cl in dis-
charges from six geothermal systems within the TVZ to identify the
existence of two distinct types of deep water supply. Falling along
the eastern side of the TVZ: Kawerau, Ohaaki and Rotokawa display
higher gas contents than the fields on the western side, including
Mokai and Wairakei (illustrated by CO,/Cl ratios above 3.9+ 1.5
vs. 0.14 £ 0.1). According to Giggenbach (1995), the higher ratios
are of andesitic rock origin, with the lower ratios originating from
rhyolitic material. The excess volatiles present in fluid discharges
from geothermal and volcanic systems along convergent plate
boundaries are likely to be derived preferentially from the marine
sedimentary fraction of subducted material (Giggenbach, 1995).

The Mokai geothermal system lies 25 km NW of Lake Taupo,
and is thought to be 10 km?, based on resistivity measurements
(Kissling and Weir, 2005).

The Rotokawa geothermal system lies 10 km NE of Lake Taupo
and has an area of 25 km?, based on resistivity measurements
(Hunt and Bowyer, 2007; Heise et al., 2008). A mix of Paleozoic
and Mesozoic greywackes form the basement of the system, with
a mix of ignimbrites and rhyolite lavas forming overlying layers,
which are in turn covered by Holocene tuff (Krupp et al., 1986;
Wilson et al., 2007).

Hydrothermally altered greywacke sandstones dominate the
basements in both the Kawerau and Ohaaki geothermal fields,
however, characterization by Wood et al. (2001) has shown that,
despite similar lithologies, there are very different petrological
characteristics between the two. As a result, the Ohaaki greywac-
kes are analogous, in terms of bulk compositions, to granite, and
the Kawerau greywackes to quartz diorite. The basement at Ohaaki
also differs from those of the other fields due to the occurrence of
(approx. 3%) argillite in fine partings (Wood et al., 2001).

In Table 1, the geothermal samples are listed with their origin
(geothermal system), the borehole depth (m) and deep temperature
(°C) estimated by chemical geothermometry (described below).

3. Analytical methods
3.1. Major and trace elements

The samples were collected, after filtration and acidification on
site, by MRP and Contact Energy, from the production pipeline
using a fluid sampling separator. These geothermal sites are man-
aged by Contact Energy Limited, the Tuaropaki Power Company,
the Rotokawa Joint Venture and Mighty River Power Limited. All
chemical analyses were performed in the BRGM laboratories using
standard water analysis techniques such as Ion Chromatography
(C1), Inductively Coupled Plasma-Atomic Emission Spectroscopy
(Li, B and Sr), Inductively Coupled Plasma-Mass Spectrometry (Ca
and Mg), and Flame Emission Spectrometry (Na, K, Ca and SiO5).
Major species and trace elements were determined on conditioned
samples, i.e., after filtration at 0.2 um for the major anions, and
after filtration at 0.2 pm and acidification with Suprapur HNOj3 acid
(down to pH = 2) for the major cations and trace elements.

Accuracy and precision for major and trace elements was veri-
fied by repeated measurements of standard materials during the
course of this study: namely Ion96-3 and LGC6020 for cations
and anions and pure Li, B and Sr standard solutions (Merck). The
accuracy of the major and trace element data is approx. +10%.

3.2. Lithium isotopes

Lithium isotopic compositions were measured using a Neptune
Multi Collector ICP-MS (Thermo Fischer Scientific). The “Li/SLi ra-
tios were normalized to the L-SVEC standard solution (NIST SRM
8545, Flesch et al., 1973) following the standard-sample bracketing
method (see Millot et al. (2004) for more details). The analytical
protocol involves the acquisition of 15 ratios with 16 s integration
time per ratio, and yields in-run precision better than 0.2%o (20,).
Blank values are low, (i.e. 0.2%), and 5 min wash time is enough to
reach a stable background value.

The samples were prepared beforehand by chemical separation/
purification with ion chromatography in order to produce a pure
mono-elemental solution. Chemical separation of Li from the ma-
trix was achieved before the mass analysis using a cationic resin
(a single column filled with 3 mL of BioRad AG® 50W-X12 resin,
200-400 mesh) and HCI acid media (0.2 N) for 30 ng of Li. Blanks
for the total chemical extraction were less than 30 pg of Li, which
is negligible, since it represents a 10~> blank/sample ratio.

Successful quantitative measurement of Li isotopic composi-
tions requires 100% Li recovery. The column was, therefore, fre-
quently calibrated and repeated analysis of the L-SVEC standard
processed through columns shows 100% Li recovery and no in-
duced isotope fractionation due to the purification process.

The accuracy and reproducibility of the entire method (purifica-
tion procedure + mass analysis) were tested by repeated measure-
ment of a seawater sample (IRMM BCR-403) after separation of Li
from the matrix, for which a mean value of 8’Li = +30.9%. + 0.3 (20,
n =7) was obtained over the analysis period. This mean value is in
good agreement with the authors’ long-term measurement
(87Li =+31.0%0 + 0.5, 20, n = 30, Millot et al., 2004) and with other
values reported in the literature (see, for example, Millot et al.,
2004 for a compilation with 8’Li values for seawater ranging from
+28.9%0 to +33.9%0). Consequently, based on long-term measure-
ments of a seawater standard, the external reproducibility of the
method was estimated to be around +0.5%0 (207).

3.3. Boron isotopes

Boron isotopic compositions were determined on a Finnigan
MAT 261 solid source mass spectrometer in dynamic mode. Boron
isotope compositions were determined on conditioned samples
(after filtration at 0.2 um). For these samples, water volumes corre-
sponding to a mass of 4 pug of B were processed using a two-step
chemical purification through Amberlite IRA-743 selective resin.
The B aliquot sample (2 pg) was then loaded onto a Ta single fila-
ment with graphite, mannitol and Cs, and the B isotopes were
determined by measuring the Cs,BO; ion. The total B blank is less
than 10 ng. The values are given using the 3-notation (expressed in
%o) relative to the NBS951 boric acid standard. The 'B/!°B of rep-
licate analyses of the NBS951 boric acid standard after O correction
was 4.05122 +0.00122 (20, n=27) during this period. The repro-
ducibility of the §!'B determination is £0.3%. (2¢) and the internal
uncertainty is better than 0.3%. (20yy,).

The accuracy and reproducibility of the whole procedure were
verified by the repeated measurements of the IAEA-B1 seawater
standard (Gonfiantini et al., 2003) for which the mean §!!B value
obtained is +39.22%0 + 0.32 (20, n = 33), in agreement with the ac-
cepted value for seawater (8''B = +39.5%o, see data compilation re-
ported by Aggarwal et al., 2004).
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3.4. Strontium isotopes

Chemical purification of Sr (~3 pg) was performed using an ion-
exchange column (Sr-Spec) before mass analysis according to a
method adapted from Pin and Bassin (1992), with total blank <1 ng
for the entire chemical procedure. After chemical separation,
around 150 ng of Sr was loaded onto a W filament with Ta activator
and analyzed with a Finnigan MAT 262 multi-collector mass spec-
trometer. The 37Sr/®6Sr ratios were normalized to a 8%Sr/38Sr ratio
of 0.1194. An average internal precision of £107> (26,,) was ob-
tained and the reproducibility of the 87Sr/86Sr ratio measurements
was tested by repeated analyses of the NBS987 standard, for which
a mean value of 0.710243 + 0.000010 (20, n =9) was obtained dur-
ing the period of analysis.

3.5. Chemical geothermometry

The concentrations of most dissolved elements in geothermal
waters depend on the groundwater temperature and the weath-
ered mineralogical assemblage (White, 1965; Ellis, 1970; Truesdell,
1976; Arnérsson et al., 1983; Fouillac, 1983). Since concentrations
can be controlled by temperature-dependent reactions, they could
theoretically be used as geothermometers to estimate the deep
temperature of the water. In the present study, deep temperature
estimates were calculated based on SiO, concentrations following
silica geothermometry based on quartz, chalcedony, o or j3 cristo-
balite and amorphous silica solubility (Fournier and Rowe, 1966;
Helgeson et al., 1978; Arnérsson et al., 1983). These temperature
estimates agree well with downhole measurements and with pre-
vious data reported in the literature (Hedenquist, 1990; Christen-
son et al., 2002).

4. Results and comments
4.1. Major and trace elements

Geothermal waters are commonly characterized by examining
the behavior of the major elements (Table 1). In this context,
Fig. 2 illustrates the relationship between Cl, considered as a con-
servative element, and Na, which is largely controlled by water/
rock interaction. Whereas Cl concentrations range between 666
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Fig. 2. Cl concentrations (mg/L) plotted as a function of Na concentrations (mg/L).
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Fig. 3. Li, B and Sr concentrations (mg/L) plotted as a function of Na concentrations
(mg/L). The dashed lines represent the 2¢ uncertainty on the linear correlations.

and 2834 mg/L, Na concentrations range between 388 and
1477 mg/L. A good relationship is observed between Na and Cl
(Fig. 2), indicating that the geothermal waters display a large range
of salinity, with Na and Cl concentrations increasing from Rotoka-
wa, Kawerau, Ohaaki and Wairakei up to the samples from Mokai.
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Other major elements range from 72 to 338 mg/L for K, from
0.005 to 0.028 mg/L for Mg, and from 0.1 to 27.7 mg/L for Ca. Anion
concentrations range between 2.6 and 74.8 mg/L for SO, and be-
tween 1.1 and 5.9 mg/L for Br. Silica concentrations are high, rang-
ing from 384 to 1169 mg/L.

Concerning trace elements, and those of interest for the present
work: Li concentrations are high, ranging from 4.5 to 19.9 mg/L.
Boron concentrations are also high, ranging between 17.5 and
82.1 mg/L (BR49, Ohaaki). If the sample with the highest concen-
tration is excluded, B contents are homogeneous, falling between
17.5 and 42.3 mg/L. Finally, Sr concentrations are clearly lower,
ranging from 0.002 to 0.165 mg/L. The Li, B and Sr concentrations
are similar to those reported in the literature for worldwide geo-
thermal waters (Mossadik, 1997; Williams et al., 2001; Aggarwal
et al.,, 2003; Millot and Négrel, 2007; Millot et al., 2007, 2009,
2010a).

Because Na is mainly controlled by water/rock interaction, it is
interesting to also investigate the relationships between Na and Li,
B and Sr (Fig. 3). Firstly, it can be observed (Fig. 3a), that all the geo-
thermal waters define a general positive relationship between Na
and Li, which suggests that, like Na, Li is mainly controlled by
water/rock interaction. Secondly, and by contrast, when B concen-
trations are plotted against Na (Fig. 3b), different trends emerge.
Indeed, different positive correlations between B and Na are ob-
served, meaning that B is also controlled by water/rock interaction,
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but there is not a single general trend at the scale of the whole TVZ
as observed for Li. From that graph (Fig. 3b) geothermal samples
can be divided into different groups of samples: thus, the geother-
mal waters from Kawerau and Rotokawa seem to define a single
trend, those from Ohaaki are different, and finally, those from Mo-
kai and Wairakei seem to also plot on a single trend. These trends
correlate with the spatial distribution of geothermal fields within
the TVZ. The geothermal systems from Mokai and Wairakei are lo-
cated on the western side of the TVZ, and those form Kawerau,
Rotokawa and Ohaaki are located on the eastern side of the TVZ.
Finally, when Sr concentrations are plotted as a function of Na
(Fig. 3c), it seems that there is no global link between these two
elements, except that the geothermal waters from Kawerau and
Rotokawa show a positive relationship.

Additional information can also be obtained when the concen-
trations of trace elements are plotted as a function of the deep tem-
perature of the water calculated by chemical geothermometry
(Fig. 4). Both Li and B concentrations appear to be relatively con-
stant and independent of the temperature of the fluid. On the other
hand, Sr concentrations appear to be negatively correlated with the
temperature of the fluid (Fig. 4b). Such a feature strongly suggests
that dilution is occurring in the system by mixing of shallower and
colder waters. However, it is also likely that the lower Sr contents
can also be controlled by calcite precipitation. Finally, in Fig. 4d,
SiO, concentrations and deep temperature show a strong correla-
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tion (R? = 0.84) but this is an induced correlation, due to the fact
that, deep temperature estimates were calculated based on SiO,
concentrations using silica geothermometers.

4.2. Li-B-Sr isotopes

Lithium isotopes are reported in Table 1. Lithium isotopic com-
positions (8”Li, %o) are homogeneous. For all the samples, the range
of variation for 5’Li values is small (1.9%0 in total) ranging between
—0.52%0 and +1.42%o., respectively, for sample BR9 (Ohaaki) and
KA37 (Kawerau). Omitting the two samples from Kawerau, which
have slightly higher 8”Li values (+1.42 and +1.38%), the other geo-
thermal waters have a very constant 8’Li signature around a mean
value of 0%c + 0.6 (20, n = 21). This small range of variation (+0.6%0)
is almost the same as the external reproducibility of the method
for Li isotope analysis (+0.5%0, 20, Section 3.2). This result means
either that Li has the same origin in these fluids and/or the pro-
cess(es) that control Li isotope fractionation is (are) the same for
all the geothermal water samples under consideration. Compared
to scarce literature data for geothermal waters (Millot and Négrel,
2007; Millot et al., 2007, 2009, 2010a), those from the TVZ display
low 87Li values.

Boron isotopes are also reported in Table 1. The range of 8''B
values is 4.8%. in total, from —6.70%. (RK14, Rotokawa) to
—1.92%0 (WK235, Wairakei). A plot of B isotopes (5''B, %0) as a
function of B concentrations (Fig. 5b) shows that, with the excep-
tion of sample BR49 (Ohaaki) having the highest B concentrations,
there is no large variation of both B isotopes and concentrations.
However, Rotokawa and Ohaaki geothermal waters have the low-
est 5!'B values, and, by contrast, geothermal waters from Wairakei,
Mokai and Kawerau have the highest §!''B values. Geothermal
samples from this study can be compared with literature data from
the Ngawha geothermal field (Aggarwal et al., 2003) for B isotopes.
The Ngawha geothermal field is the only high temperature geo-
thermal field in New Zealand that is located outside the TVZ. It is
located on the central axis of the Northland peninsula in a Quater-
nary-Holocene basaltic field (Kaikohe volcanic field). Measure-
ments of water samples from the Ngawha geothermal system fall
within a limited range of 5''B values between —3.9%. and
—3.1%0, overlapping the TVZ data.

Strontium isotopes are also reported in Table 1. 87Sr/%6Sr ratios
range from 0.70549 (WK245, Wairakei) to 0.70961 (BR49, Ohaaki).
Strontium isotopes are plotted as a function of Sr concentrations in
Fig. 5c and show no general trend or any relationship with the
spatial distribution of the samples (eastern vs. western location).
However, it is noteworthy that geothermal waters from the
Wairakei field display the most constant 87Sr/26Sr ratios, between
0.70549 and 0.70574. The Sr isotope data reported here are in
agreement with those of Graham (1992) for the Rotorua geother-
mal waters (0.70514-0.70791) and for the Ohaaki geothermal field
site (0.70746, Grimes et al., 2000) also located in New Zealand.

5. Discussion

Collectively, Li, B and Sr isotopes can be used to identify the dif-
ferent sources contributing to the Li-B-Sr isotopic signature and to
determine the main processes controlling these elements and their
isotopic compositions in the geothermal waters of the TVZ.

First, Sr isotopes are investigated in the present work in order to
better define the signature of the reservoir from which the geo-
thermal waters came, given that Sr isotopes are a good tracer of
water origin for groundwaters and geothermal waters (Goldstein
and Jacobsen, 1987; Négrel et al., 1997, 2000; Négrel, 1999).
Second, Li and B isotopic compositions (8’Li and 8''B) are also
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considered in order to provide further constraints on the origin of
Li and B in these geothermal waters.

As already mentioned, Sr isotopes display a large range in the
geothermal waters of the TVZ (from 0.70549 to 0.70961). In addi-
tion, it was also observed in the previous section that if dilution
processes occur in the system (by shallow, colder waters), it could
probably explain the distribution of Sr concentrations. On the other
hand, the higher 87Sr/86Sr ratios in geothermal waters are close to
the value of modern seawater (37Sr/%6Sr = 0.70917, Dia et al., 1992).
Collectively, these observations could result from dilution of geo-
thermal waters having relatively low Sr isotope ratios by cold sea-
water, having a relatively high Sr isotope ratio, at shallow depth. A
seawater mixing calculation is displayed in Fig. 6, in which
87Sr/85Sr ratios are plotted vs. Cl/Sr ratios. The geothermal end
member is chosen to be sample RK5 (Rotokawa), which has both
the lowest 87Sr/36Sr and the highest Cl/Sr ratios, and is, thus, repre-
sentative of geothermal waters being least affected by a potential
seawater contribution. No significant contribution of seawater for
Sr is observed in the geothermal systems of the TVZ, it means that
Sr and its isotopes are mainly controlled by the signature of the
bedrocks themselves (by the dissolution from the different
minerals).

As already mentioned in Section 2, the TVZ is an area of rhyolitic
volcanic activity and hydrothermal altered sediments (greywac-
kes) form the basement of the system. On the left side of Fig. 6,
the ranges of 87Sr/36Sr ratios for the bedrocks of the system are
shown: volcanic country rocks (rhyolite, ignimbrite and breccia,

0.7049-0.7057) reported by Graham (1992), basalts for the TVZ
(0.7026-0.7052, Gamble et al., 1993) and metasedimentary base-
ment rocks that have 37Sr/®Sr values between 0.705 for greywac-
kes up to 0.725 for argillites (Graham, 1992). Therefore, it is likely
that the most radiogenic Sr isotope ratios are the result of a signif-
icant contribution of waters having interacted with bedrocks hav-
ing more radiogenic Sr like metasedimentary basement rocks.
Finally, when 87Sr/36Sr ratios of the TVZ fluids are compared to
literature data for other geothermal fluids (Fig. 7a), the geothermal
waters from the TVZ are similar to those of Graham (1992) for the
Rotorua geothermal waters in New Zealand (0.70514-0.70791),
but are significantly different from those of Iceland, which have
875r/86Sr ratios ranging between 0.7032 and 0.7042 (Millot et al.,
2009). However, all of the geothermal waters display a similar
range for Cl/Sr ratios, except for those of the Rotokawa geothermal
field, which have higher Cl/Sr ratios. It is very likely that the signif-
icant difference in the Sr isotopes signature between the geother-
mal systems from New Zealand and those from Iceland is related
to the signature of the volcanic basement rocks. New Zealand vol-
canic activity commenced 1.6 Ma ago, allowing in-growth of radio-
genic Sr from Rb, whereas the geothermal systems in Iceland are
located in the central volcanic area, which is only <0.8 Ma old.
Boron isotopes (5''B) range from —6.70%. to —1.92%o in the geo-
thermal waters from the TVZ, these values are in a good agreement
with a volcanic origin for the waters (<0%.: Barth, 1993, 2000). In
addition, according to Aggarwal et al. (2003) for the Ngawha geo-
thermal field, the relatively low &''B values for the fluids implies
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no significant marine input into the geothermal reservoir and this
is also in accord with other geochemical data, e.g. average Cl/B = 53
compared to seawater Cl/B = 4839. In Fig. 7b, it is important to note
that the worldwide geothermal waters have a 3''B signature al-
most entirely comprised between —10%. and 0%o, with the excep-
tion of the samples from the Reykjanes and Svartsengi geothermal
fields in Iceland, for which the contribution of seawater is signifi-
cant (Millot et al., 2009). In addition, as with the Na concentration
(Fig. 3), the Cl/B varies according to the location of the geothermal
field.

Lithium isotopic compositions (8’Li, %) are homogeneous for
the geothermal waters of the TVZ. In Fig. 7c, Li isotope data for
TVZ geothermal waters are compared with geothermal waters
from Iceland (Millot et al., 2009) and with geothermal systems
from the Guadeloupe and Martinique islands (volcanic islands
belonging to the Lesser Antilles arc, French West Indies, Millot
et al., 2010a). The geothermal waters from the TVZ are distinct
from those of other geothermal systems. Indeed, the geothermal
waters from the TVZ display the lowest §’Li yet reported for geo-
thermal waters, but they also have the lowest Cl/Li ratios. In addi-
tion, whereas the geothermal fields from Iceland and the French
West Indies may have a significant contribution of Li from seawa-
ter (Millot et al., 2009, 2010b), it is obvious that seawater has no
influence on the composition of the geothermal waters from
New-Zealand.

Several studies of Li-isotope behavior in near-surface environ-
ments have shown that &’Li values do not directly reflect the signa-
ture of the bedrock, but instead are controlled by fractionation
during water/rock interaction by the formation of secondary min-
erals (Huh et al., 1998, 2001, 2004; Pistiner and Henderson, 2003;
Rudnick et al., 2004; Kisakiirek et al., 2004, 2005; Pogge von
Strandmann et al., 2006; Vigier et al., 2009; Teng et al., 2010; Lem-
archand et al., 2010; Millot et al., 2010b). It has been suggested
that the &’Li signature in the liquid might be controlled by the pref-
erential retention of the light Li isotope (°Li) into secondary min-
eral phases during weathering. It has also been shown that the
fractionation of Li isotopes during water/rock interaction also de-
pends on temperature because different secondary minerals might
control the release or uptake of Li in secondary minerals depending
on the temperature of interaction and the associated dissolution/
precipitation reaction (Chan and Edmond, 1988; Chan et al,,
1992, 1993, 1994, 2002). All geothermal fluids from the TVZ have
homogeneous and low §’Li values, indicating that temperature is
probably not the main factor responsible for the Li isotopic compo-
sition of the geothermal fluids. Rather, it is more likely that the
consistent low &’Li values in these geothermal fluids is due to
leaching of Li from the same source rock.

When plotted on isotope vs. isotope diagrams (Fig. 8), the fol-
lowing conclusions can be reached: (i) Li isotope signatures are rel-
atively homogeneous and do not allow the discrimination of any
geothermal field, suggesting that the fluids are well-mixed for Li
and water/rock interaction at high temperature is the main factor
that determines both Li and its isotopic distribution in geothermal
waters of the TVZ; (ii) B isotopes are less homogeneous, and some
differences exist between the geothermal fields; although B and its
isotopes are also mainly controlled by water/rock interaction pro-
cesses, there is a small difference for 8''B values between geother-
mal waters from Rotokawa and Ohaaki on the one hand and those
from Mokai, Wairakei and Kawerau on the other hand; (iii) the Sr
isotopes signatures vary widely and confirm a distinction between
waters from different locations. The geographical distribution of
the samples within the TVZ (eastern vs. western location) may af-
fect B and Sr but not Li isotopes, meaning that it is likely that the
fluids are well-mixed for Li and less so for B and Sr. In addition,
for Srisotopes, the isotopic signal also depends on the type of base-
ment rocks.
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Fig. 8. Multi-isotopic (Li-B-Sr) characterization of geothermal waters from the Taupo Volcanic Zone.

6. Conclusions

The main conclusions of the Li-B-Sr isotopes characterization
of the geothermal waters from the Taupo Volcanic Zone are:

o Lithium concentrations are high (ranging from 4.5 to 19.9 mg/L)
and Li isotopic compositions (8”Li) are relatively homogeneous
ranging between —0.5%. and +1.4%.. Lithium isotope tracing
shows that the input of seawater is negligible in these
geothermal waters and that Li and its isotopes are mainly con-
trolled by equilibrium exchange with magmatic rocks at high
temperature.

Boron concentrations are also high (17.5 and 82.1 mg/L) and
relatively homogeneous and B isotopic compositions (5''B)
are all negative, ranging from —6.7%. to —1.9%.. This B isotope
signature is in good agreement with a fluid signature derived
mainly from water/rock interaction involving magmatic rocks
and no seawater input.

Strontium concentrations (0.02-0.165 mg/L) are lower and
more heterogeneous and 27Sr/%6Sr ratios range between
0.70549 and 0.70961. These Sr isotope compositions are similar
to those of local magmatic bedrocks and the highest Sr isotope
ratios are the result of a significant contribution of waters hav-
ing interacted with bedrocks having more radiogenic Sr such as
metasedimentary basement rocks.

Each of these isotope systems on their own reveals important
information about particular aspects of either water source or
water/rock interaction processes, but, considered together, they
provide a more integrated understanding of the geothermal sys-
tems from the TVZ in New Zealand. However, the combination of
Li, B and Sr isotopic systems highlights the complexity of these
geothermal waters, and the use of only one isotopic tool could lead
to an incomplete characterization of the geothermal waters.
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Abstract

We report lithium (Li) isotopic measurements in seawater-derived waters that were discharged from geothermal wells, ther-
mal springs, and sub-marine springs located in volcanic island arc areas in Guadeloupe (the Bouillante geothermal field) and
Martinique (Lamentin plain and the Diamant areas). While Li isotopic signatures of the geothermal fluids collected from deep
reservoirs were found to be homogeneous for a given site, the 3’Li signatures for each of these reservoirs were significantly
different. The first low temperature (25-250 °C) experiments of Li isotope exchange during seawater/basalt interaction con-
firmed that Li isotopic exchange is strongly temperature dependent, as previously inferred from natural studies. Li isotopic
fractionation ranged from +19.4%, (4solution—solia) at 25 °C to +6.7%, at 250 °C. These experiments demonstrated the impor-
tance of Li isotopic fractionation during the formation of Li-bearing secondary minerals and allowed us to determine the fol-
lowing empirical relationship between isotopic fractionation and temperature: Agoution solid = 7847/T — 8.093. Application of
experimental results and literature data to the Bouillante area suggested that geothermal water was in equilibrium at 250—
260 °C. It likely has a deep and large reservoir located in the upper sheeted dike complex of the oceanic crust, just below
the transition zone between andesite volcanic flows and the basaltic dikes. The upper dike section, from which Li is extracted
by hydrothermal fluids, was characterized by light Li isotopic values in the rocks, indicating retention of °Li by the altered
rocks. For the Lamentin and Diamant areas, the geothermal fluids appeared to be in equilibrium with reservoir volcano-sed-
imentary rocks at 90-120 °C and 180 °C, respectively. Further evidence for this argument is provided by the fact that only the
Na/Li thermometric relationship determined for sedimentary basins yielded temperature values in agreement with those mea-
sured or estimated for the reservoir fluids. This suggests the importance of a sedimentary signature in these reservoir rocks.
Altogether, this study highlights that the use of Li isotopic systematics is a powerful tool for characterizing the origin of geo-
thermal waters as well as the nature of their reservoir rocks.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The increasing demand for energy and a desire to in-
crease energy autonomy in the Lesser Antilles (French West
Indies) have resulted in a number of BRGM (French Geo-

* Corresponding author. Tel.: +33 2 38 64 48 32.
E-mail address: r.millot@brgm.fr (R. Millot).

0016-7037/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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logical Survey) geothermal research projects focused on the
islands of Guadeloupe (Traineau et al., 1997; Correia et al.,
2000; Sanjuan et al., 2001; Fabriol et al., 2005; Mas et al.,
2006) and Martinique (Genter et al., 2002; Sanjuan et al.,
2002a, 2002b, 2005) over the past decade.

Previous surveys have led to a better understanding of
geothermal systems associated with deep boreholes and
thermal springs in these areas (Sanjuan, 2001; Sanjuan
et al., 2002a, 2002b). The chemical characterization of
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thermal water is generally very useful for geothermal explo-
ration. It is also essential if we wish to control water qual-
ity, determine its origin and understand the mechanisms of
water/rock interactions at high temperature for the purpose
of developing geothermal resources.

The chemical composition of geothermal water in terms
of reactive major and trace elements is related to the inten-
sity of water/rock interactions and the mineralogical assem-
blage of the surrounding rocks. Classical geothermometers,
such as dissolved silica, Na-K, Na-K-Ca or K-Mg, ap-
plied to geothermal waters (Fournier and Rowe, 1966;
Fournier and Truesdell, 1973; Fournier, 1979; Michard,
1979, 1990; Giggenbach, 1988) enable the temperature esti-
mation of deep reservoirs that feed geothermal fields. How-
ever, the values estimated for such temperatures are not
always consistent with each other. The three Na/Li thermo-
metric relationships (Fouillac and Michard, 1981; Kharaka
et al., 1982; Kharaka and Mariner, 1989) differ from classi-
cal geothermometers in that they associate a major (so-
dium) and a trace element (lithium), the latter of which
gives an additional temperature constraint. Owing to the
relatively low reactivity of Li during ascent to the surface,
these thermometric relationships appear to be very reliable.
They also act as useful tools for characterizing the source
(i.e., deep conditions) of geothermal waters.

The aim of this study was to improve geothermal reser-
voir exploration and its associated characterization meth-
ods. As such, the main objective of the present work was
to better understand the behavior of Li within an island
arc geothermal environment through the use of its isotope
systematics. One particularly important aspect of this work
was to establish the nature, extent and mechanism of Li iso-
tope fractionation as a function of temperature during
water/rock interaction.

Lithium is a chemical element with two isotopes at masses
of 6and 7, which have natural abundances of 7.5% and 92.5%,
respectively. Li is a fluid-mobile element that tends to prefer-
entially partition into the fluid phase during water/rock inter-
action. The relative mass difference between the two isotopes
is considerable (17%) and is likely to generate large mass
dependent fractionation during geochemical processes, even
at high temperature. The range of variation in Li isotopic
compositions is more than 509, in geological materials (Co-
plen et al., 2002; Tomascak, 2004). Li concentrations in natu-
ral waters are essentially controlled by water—rock interaction
processes, which depend on a number of factors. These in-
clude, for example: the mineral assemblage in contact with
water, the chemical composition of this water, dissolution—
precipitation or exchange reactions, temperature and water—
rock ratio. To date, both the magnitude of the Liisotopic frac-
tionation associated with water-rock interaction processes
and the factors controlling these fractionations are still poorly
understood. However, water-rock interaction studies carried
out with altered rocks at low to moderate temperatures indi-
cate that the associated Li isotopic fractionation is character-
ized by the enrichment of the solution in the heavy isotope "Li.
On the other hand, the light isotope (°Li) is preferentially re-
tained by secondary alteration minerals.

Lithium isotopic fractionation has been documented in
numerous natural environments, with experimental and nat-

ural data (Huh et al., 2001; Pistiner and Henderson, 2003;
Tomascak, 2004). Both types of data suggest that the pro-
cesses of mineral dissolution are not characterized by signif-
icant Li isotopic fractionation. In contrast, adsorption onto
mineral surfaces is a major mechanism of Li isotopic frac-
tionation in the hydrosphere. Sorption of Li from aqueous
solutions by mineral phases at the temperature of the Earth’s
surface has been highlighted by Taylor and Urey (1938), as
well as by Anderson et al. (1989). Previous Li sorption exper-
iments utilizing several minerals (Pistiner and Henderson,
2003) have revealed that Li isotopic fractionation does not
occur when this element is not incorporated into the structure
of the solid (physical sorption). When Li is incorporated by
stronger bonds (chemical sorption), an isotopic fractionation
is observed that is dependent on the chemical structure of the
minerals (Anghel et al., 2002). The most significant Li isoto-
pic fractionation factor (Asoution—solia) ~ T14%, has been
measured for gibbsite. For Lisorption processes between sea-
water and different solids (clay minerals such as kaolinite and
vermiculite, and freshwater sediments), Zhang et al. (1998)
have observed a still higher Li isotopic fractionation factor
(Asolution-solid ~ +22%0)

Laboratory experiments carried out to gain insight into
Li isotope behavior during interactions of high-temperature
fluids with various materials all show the extraction of Li
from basalt, altered basalt and sediments, even at tempera-
tures <100 °C. Li is incorporated into clays (e.g., smectites
and illites) at temperatures up to 150 °C during basalt alter-
ation (Seyfried et al., 1998; James et al., 2003). In this case,
the affinity is proportional to the fluid/rock ratio, such that
Li is simultaneously added to and removed from fluids. Un-
der high temperature, solid-dominated hydrothermal con-
ditions (350 °C), Li is largely removed from solids and
kept in solution, rather than in the alteration products.

Most of the Li isotopic fractionation values reported in
the literature come from studies of the interaction between
seawater and altered basalts. The isotopic fractionation fac-
tors inferred from these studies give Agopution—altered rock Val-
ues of 49, at 350 °C, 99, at 160 °C and 199, at 2 °C (Chan
and Edmond, 1988; Chan et al., 1992, 1993, 1994; James
et al.,, 1999). Wunder et al. (2006) have also recently re-
ported a temperature-dependent relationship of Li isotopic
fractionation. This was determined from experiments be-
tween Li-bearing clinopyroxene and aqueous fluids, albeit
at P-T (pressure-temperature) conditions largely outside
those explored here (500-900 °C at 20,000 bar).

In this study, we measured the Li isotopic composition
of various water samples (i.e., geothermal waters, thermal
springs and sub-marine thermal springs). As mentioned
above, the Li concentration and isotope composition of
geothermal fluids are a function of many parameters,
including water and rock compositions, water/rock ratio,
mineral-fluid partition and mineral-fluid isotopic fraction-
ation, with the last two being temperature dependent. To
disentangle the relative importance of each of these param-
eters, we performed laboratory simulations of Li isotopic
behavior during water/rock interaction across a wide tem-
perature range (25-250°C). These experimental results
were then applied to natural systems to infer water origins
and reservoir rock compositions.
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2. GEOTHERMAL SETTING geothermal waters were collected at three different sites:

(1) the Bouillante area (Guadeloupe), (2) the Lamentin

Guadeloupe and Martinique are volcanic islands area (Martinique) and (3) the Diamant area (Marti-
belonging to the Lesser Antilles arc (Fig. 1). Samples of nique).
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Fig. 1. Map of sampling sites in the Bouillante area (Guadeloupe), Lamentin and Diamant areas (Martinique). Detailed information
concerning the location of sampling sites can be found in Traineau et al. (1997), Sanjuan and Brach (1997) and Sanjuan et al. (2001) for the
Bouillante area, and in Sanjuan et al. (2002a, 2002b, 2003, 2005) for Martinique (Lamentin plain and Diamant areas).
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2.1. Bouillante area

The Bouillante geothermal area is located on the west
coast of Basse-Terre (Guadeloupe, Fig. 1). This area devel-
oped near the seaside and around the town of Bouillante,
where there are numerous hydrothermal vents, including
hot springs, mud pools, steaming grounds and fumaroles
(in French, ‘bouillante’ means ‘boiling’; Traineau et al.,
1997).

Most of the active geothermal manifestations are lo-
cated south of Bouillante Bay, around the geothermal
power plant, where deep wells (BO-2, BO-4, BO-5 and
BO-6) are located. Between 1996 and 2002, only BO-2
was productive (150 tons/h of fluid, including 30 tons/h of
steam). Since 2005, the new geothermal power plant has
been fed by wells BO-4, BO-5 and BO-6 (a maximum pro-
duction of about 570 tons/h of fluid, including 115 tons/h
of steam). There are also numerous sub-marine hot springs,
especially north of Bouillante Bay (Traineau et al., 1997;
Sanjuan, 2001) and an interesting terrestrial thermal spring
for geothermal exploration (Marsolle spring; Sanjuan and
Brach, 1997; Mas et al., 2006).

Geochemical characterization has provided the following
information about the Bouillante geothermal field. The water
flowing through the geothermal reservoir, whether sampled
in wells or hot springs, has a homogeneous composition over
the scale of the Bouillante region (Traineau et al., 1997; Sanj-
uan et al., 2001). Geothermal NaCl fluid (total dissolved sol-
ids TDS ~ 20 g/L, pH = 5.3) is the result of the mixing of
about 58% seawater and 42% fresh water. The fresh surface
water is likely fed by rainfall on the western side of the island
(Pitons de Bouillante). The amount of associated incondens-
able gases, made up predominantly (90-95%) of CO,, is low
(<0.1% in mass).

The homogeneity of chemical and isotopic compositions
of the geothermal fluids and the convergence of chemical
geothermometers, such as Silica-Quartz, Na/K and K/Mg
(Fournier and Rowe, 1966; Fournier, 1979; Michard,
1979; Giggenbach, 1988), toward a maximum temperature
value of around 250-260 °C, all suggest the existence of a
common large deep reservoir. The volume of this reservoir
was estimated to be higher than 30 million m?, using tracer
test results. The Na/Li geothermometer determined by
Fouillac and Michard (1981) for saline geothermal waters
in volcanic and granitic environments gives a temperature
value of 224 °C, similar to that obtained using the Na/K/
Ca geothermometer (226 °C; Fournier and Truesdell,
1973). However, this is slightly lower than those either mea-
sured inside the geothermal wells or estimated using classi-
cal geothermometers. Geochemical modeling has shown
that the reservoir fluid is in chemical equilibrium with a
mineralogical assemblage made up of albite, K-feldspar,
quartz, calcite, disordered dolomite, anhydrite, illite, smec-
tite and zeolites at 250-260 °C (Sanjuan et al., 2001).

2.2. Lamentin plain
The Lamentin plain, on the western coast of Martinique

(Fig. 1), south of Fort de France, is an alluvial plain with a
surface area of approximately 100 km?. The Lamentin area

corresponds to a major graben zone limited by NW-SE
faults and intersected by NE-SW faults. There are numer-
ous thermal springs aligned along an axis oriented NNW-—
SSE to NW-SE in the area. Their flow rate is generally
low and they are characterized by the presence of CO,-rich
NaCl fluids (Sanjuan et al., 2002a, 2002b), with exit temper-
atures ranging from 37 to 58 °C.

Three boreholes were drilled at a depth of 1000 m in this
area in 2001. Only the borehole Californie, located farther
north, indicated the presence of hot fluid close to 90 °C at
a depth of 400 m. A fluid with a similar chemical composi-
tion but with a lower temperature (50 °C) was also found at
a depth of about 400 m in the borehole Carrére, which is
near thermal springs.

The geochemical study of fluids collected from these
exploration boreholes and thermal springs suggests that the
current hydrothermal system is concentrated northward, in
relation to a general outflow coming from the NW, and is
at relatively deep depths. The geothermal NaCl fluid, made
up of about 30% seawater and 70% freshwater (TDS ~ 10—
11 g/L; pH =6.2) and accompanied mainly by magmatic
CO, gas, probably comes from a reservoir located close to
seawater. Chemical geothermometers, such as Silica—Chalce-
dony, Na/K/Ca/Mg and K/Mg (Fournier and Potter, 1979;
Arnorsson and Gunnlaugsson, 1983; Giggenbach, 1988),
suggest reaction with volcano-sedimentary rocks at tempera-
tures ranging from 90 to 120 °C, which are identical to the
maximum values (90-100 °C) measured in the boreholes
(Sanjuan et al., 2002a, 2002b). The Na/K and Na/K/Ca geo-
thermometers (Fournier and Truesdell, 1973; Fournier,
1979; Michard, 1979) yield higher temperatures.

With regards to the Na/Li geothermometer, only the
relationship determined by Kharaka et al. (1982), for
waters from world geothermal and US oil sedimentary ba-
sins, yields temperatures close to that measured in the bore-
holes (Sanjuan et al., 2002a, 2002b). This result thus
strongly suggests the importance of a sedimentary signature
in the reservoir rocks.

2.3. Diamant area

The Diamant area is located in southern Martinique
(Fig. 1). An extensive survey of gas and water geochemistry
(Sanjuan et al., 2003, 2005) confirmed the presence of high-
temperature zones of geothermal interest. In this area, the
only thermal spring (Petite Anse) has several discharge
points near the seaside, from which two water samples were
collected (DIAM1 and DIAM2). The main emergence
(DIAMI1) has a temperature close to 35 °C at the surface.
The deep geothermal NaCl fluid, discharged from this
emergence, has a high salinity (TDS ~ 20 g/L) and a pH va-
lue close to 5.3. Abundant magmatic CO, gas emanations
are associated with this fluid (Sanjuan et al., 2003, 2005).
The location of the thermal spring, the nature of this fluid
and its high salinity all suggest a marine origin. Its exceed-
ingly low 6D value (—229,,), compared to other values ob-
served in the fluids of Martinique and the Lesser Antilles,
also points out a magmatic contribution.

The geochemical characteristics of this fluid and espe-
cially the use of chemical geothermometers, such as Sil-
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ica—Quartz, Na/K, Na/K/Ca, or isotopic geothermometers,
such as 8'®0(H,0-SO4) (Fournier and Rowe, 1966; Mizu-
tani and Rafter, 1969; Fournier and Truesdell, 1973; Four-
nier, 1979), enabled the identification of a geothermal
reservoir at about 180 °C (Sanjuan et al., 2003, 2005). As
for the Lamentin geothermal fluid, only the Na/Li relation-
ship determined by Kharaka et al. (1982) gives temperature
values in agreement with that estimated for the reservoir
fluid, again suggesting the importance of a sedimentary sig-
nature in the reservoir rocks.

3. ANALYTICAL METHODS
3.1. Major and trace elements

All chemical analyses were carried out in the BRGM
laboratories using standard water analysis techniques, such
as ion chromatography, atomic absorption spectrophotom-
etry, inductively coupled plasma mass spectrometry (ICP-
MS), colorimetry, ion electrode and titration. The accuracy
of the determination of major species was better than +5%.
Alkalinity was determined in the field following HCI titra-
tion and Gran’s method. Ion balance values lower than
7% suggested a good quality for analyses of major species

Table 1

(Table 2). Li concentrations in geothermal waters were
determined by ICP-MS (accuracy +5%).

Chemical analyses of the major species and trace ele-
ments were carried out on conditioned samples: after fil-
tration at 0.2um for the major anions, and after
filtration at 0.2 um and acidification with Suprapur
HNO; acid (down to pH=2) for the major cations
and trace elements. Bottles for anion analyses were kept
non-acidified. Water samples for Li isotopic determina-
tion were collected in acid-washed polyethylene bottles
and then filtered through pre-washed 0.2 um Sartorius
cellulose filters using a cleaned polycarbonate Sartorius
apparatus under nitrogen. Samples were acidified with ul-
tra pure nitric acid down to pH ~ 2.

Accuracy and precision for major and trace elements
was verified by repeated measurements of standard materi-
als during the course of this study: namely Ion96-3 and
LGC6020 for cations and anions, and a pure Li standard
solution (Merck 1-70223.05) for Li determination. All sam-
ples were analyzed after dilution to minimize matrix effects
during measurement and also to match the matrix of the
standard materials. In addition, the calibration curve of
the measurement was performed following the “standard
addition” technique for saline samples.

Seawater/basalt interaction at different temperatures. Lithium concentration (ug/L) and isotopic composition (8’Li, %) values in the solution
are grouped according to the experimental method used and run duration for each experiment carried out at 25, 75, 200 and 250 °C. The
initial solution was a seawater solution diluted to 60% (with ultrapure H,O Milli-Q). It had a Li concentration of Li =100 pg/L and a Li
isotopic composition of 8"Li = +31.0%,. Sample aliquots (300 pul) were filtered and weighed. We did not rinse the solids before digestion; it is
likely that Li from the solution might be adsorbed or precipitated on the solids after the experiment, even after filtration. However, this
certainly had no effect due to the low contents of Li in the remaining solution compared to Li contents in the solids. During mass spectrometry
analysis, the "Li beam intensity of the sample was compared to that of the L-SVEC standards (standard bracketing measurement), enabling
determination of the Li concentration of the solution. We estimated a typical error of +10% for this determination based on replicate
measurements of seawater samples. Replicate analyses were performed for experiments carried out at 250 °C and were in good agreement,
within a range of £0.59%, (20). To repeatedly sample the gold capsules using the autoclave furnace systems, we initially prepared several gold
capsules within the autoclave. These were removed one by one at each sampling time for analysis.

Temperature (°C) Experimental device Run duration (days) Li (ug/L) 8"Li (%,) 20m (%o)
25 PFA beaker in oven 2 114 26.4 0.3
Solid: 500 mg 7 103 26.7 0.1
Liquid: 5 mL 35 123 24.8 0.1
70 97 24.8 0.1
245 121 23.5 0.1
75 PFA beaker in oven 2 116 22.6 0.1
Solid: 500 mg 7 150 20.9 0.1
Liquid: 5 mL 35 166 17.8 0.1
70 158 17.9 0.1
245 220 16.5 0.1
200 PTFE bomb in oven 3 - 14.5 0.1
Solid: 1000 mg 7 - 14.5 0.1
Liquid: 10 mL
200 Gold capsule in autoclave furnace system 1 212 14.2 0.1
Solid: 30 mg 2 233 14.7 0.1
Liquid: 300 pL 12 214 15.2 0.1
250 Gold capsule in autoclave furnace system 1 284 13.1 0.3
Solid: 30 mg 2 316 11.7 0.1
Liquid: 300 uL 7 352 11.6 0.1

Liquid: seawater IRMM BCR-403 (8’Li=+31.0%+0.5, Li=0.18 mg/L) solution diluted to 60% solid: JB-2 tholeiitic basalt
(8"Li = +4.9%, + 0.6, Li = 7.78 pg/g).



Table 2

Major cations and anions, Li concentrations and Li isotopic compositions of water samples from the Bouillante, Lamentin and Diamant geothermal fields. The temperatures given are those
measured during sampling, whereas the temperatures within the geothermal reservoirs were around 250-260 °C, 90-120 °C and 180 °C, respectively, for Bouillante, Lamentin and Diamant.
Sample BO-4-00-220A was collected in the weir box, BO-4-00-222B after the phase separator, and BO-4-00-222C is a sample of condensate after steam separation. The uncertainty in 3’Li values is
reported in this table (ranging between 0.19,, and 0.49,,, 20,,,). However, based on long-term measurements of both seawater and JB-2 basalt standards, we estimate the external reproducibility of
our method as being around +0.5%, (20).

Sample Sample Sampling Sampling pH Conductivity Na K Mg Ca Si0, HCO; CI SO, T+ - Tonic  Li 8"Li 20m
type name date tempe- at 25°C (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (meq/L) (meq/L) Balance (mg/L) (%) (%)
rature (mS/cm) (%)

Bouillante

Well fluid BO-4-99F640  03/07/1999 255 5.54 27.6 5050 743 30 1700 275 154 11,650 40 326 332 -2 428 44 02
Well fluid BO-2-99F320 07/07/1999 242 5.61 27.7 5000 805 14 1700 537 78.1 11,880 14.3 324 337 —4 4.35 44 0.1
Well fluid BO-4-222A 16/05/2000 95 7.51 42.5 7806 1195 2.9 2427 721 214 16,134 33 492 456 7 648 43 03
Well fluid BO-5-02-MEHP 23/07/2002 32.1 7.07 37.4 6420 971 2.4 2300 174 31.7 14,645 22.1 419 414 1 5.60 41 0.2
Well fluid BO-2-TDP 16/05/2000 68 7.30 43.3 7405 1117 14 2468 710 20.7 16,317 21.8 474 461 3 6.00 44 02
Well fluid BO-4-00-220A  13/05/2000 95 7.25 42.8 7752 1166 3 2466 735 23.8 16,080 31.8 491 455 7 6.5 45 0.1
Well fluid BO-4-00-222B  16/05/2000 95 6.53 354 6412 931 2.5 2017 573 232 13,568 29.7 404 384 5 528 4.7 02
Well fluid BO-4-00-222C  16/05/2000 95 5.34 0.08 - - - - 1.5 15.9 1.7 1.5 - - - 0.0005 4.8 0.2
Well fluid BO-6-04-P12 05/04/2001 — 7.54 41.8 7100 1025 3.3 2450 685 253 16,500 30.8 458 467 -2 6.7 46 0.2
Drill hole BO-BS 31/01/2001 93 6.16 36.9 7707 778 6.8 2750 168 1.22 17,250 45 493 488 1 6.6 38 03
Drill hole BO-BS 24/07/2002 90.6 7.25 42.5 7365 793 7.4 2400 174 - 16,290 41.8 461 460 0 6.1 42 02
Sub-marine spring SM1 28/10/1998 96 5.51 39.7 8500 545 815 1039 156 127.5 16,766 1714 503 511 -2 1.92 6.0 0.2
Sub-marine spring SM2 29/10/1998 72 6.21 43.7 10,000 473 1076 847 102 178.1 18,806 2362 578 583 -1 .10 7.6 03
Sub-marine spring BO-98 SM3 29/10/1998 94 6.27 36.2 7500 619 533 1358 201 5.3 15,543 1149 454 462 -2 3.02 48 02
Sub-marine spring SM4 30/10/1998 62 6.35 45.0 10,500 440 1248 616 36 169 19,498 2700 602 609 -1 0.55 10.8 0.3
Sub-marine spring SM5 30/10/1998 60 6.97 46.6 11,000 399 1377 470 2.1 147.6 20,235 2900 626 634 —1 0.186 26.1 0.3
Sub-marine spring SM6 30/10/1998 54 6.78 17.5 3200 204 166 843 142 68.9 7105 326 200 208 —4 1.65 54 02
Sub-marine spring BO-9628 27/05/1996 92 6.05 40.2 8073 587 1014 1014 131 162.3 17,053 1662 501 518 -4 260 58 04
Sub-marine spring BO-9629 27/05/1996 52 6.81 43.7 9886 469 11,308 834 0.71 142 19,499 2602 592 607 -3 053 83 02
Thermal spring ~ Marsolle 26/05/1996 44.3 7.18 2.3 171 16 13 44 87 167 277 29 11 11 -1 0.046 58 03
Seawater Eau de Mer 30/10/1998 29 8.23 46.6 11,000 401 1346 467 043 169 20,181 3000 623 635 -2 025 293 04
Lamentin

Well fluid Californie 26/03/2002 73.6 6.04 20.6 3790 124 130 725 69 982 7050 316 215 222 -3 1.59 78 03
Well fluid Carrere 05/12/2001 40.1 6.12 19.6 3280 122 183 778 90 1622.6 6358 127 200 209 —4 1.67 6.0 0.1
Well fluid Carrere 21/11/2001 41 6.08 19.7 3310 125 187 830 91 1592.7 6335 333 204 212 —4 1.47 6.2 0.2
Seawater MER 09/12/2001 29 - - 11,400 309 1200 390 - 143 20,200 2626 622 627 -1 0.23  30.1 04
Diamant

Thermal spring DIAMI1 06/12/2001 35.3 5.99 28.4 6050 295 300 1100 131 1679 10,200 500 351 326 7 10.10 6.8 0.1
Thermal spring ~ DIAMI1 25/03/2001 34 6.15 23.8 5396 474 263 991 154 930 9730 493 318 300 6 995 7.1 0.1
Thermal spring ~ DIAM2 25/03/2001 30.4 7.10 14.7 3253 322 175 594 151 1300 5070 760 194 180 7 589 63 0.1
Thermal spring DIAM2 06/12/2001 31.3 6.53 17.6 3340 178 174 565 137 1290 5200 817 192 185 4 5.52 6.6 0.1
Seawater Mer 09/12/2001 28.5 8.19 53.5 11,400 309 1200 390 0.19 152 20,200 2626 622 627 —1 0.226 30.5 0.2
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3.2. Lithium isotopes

Lithium isotopic compositions were measured using a
Neptune Multi Collector ICP-MS (Thermo Fischer Scien-
tific). "Li/°Li ratios were normalized to the L-SVEC stan-
dard solution (NIST SRM 8545, Flesch et al., 1973)
following the standard-sample bracketing method (see Mil-
lot et al., 2004 for more details). The analytical protocol in-
volved the acquisition of 15 ratios with 16 s integration time
per ratio, and yielded in-run precision better than 0.49,
(20,). Blank values were low (i.e., 0.2%), and the 5-min
wash time was enough to reach a stable background value.

The samples were prepared beforehand with chemical
separation/purification by ion chromatography, as required
to produce a pure mono-elemental solution. Chemical sep-
aration of Li from the matrix was achieved before the mass
analysis following a procedure modified from the technique
of James and Palmer (2000). This method required the use
of cationic resin (a single column filled with 3 mL of Bio-
Rad AG® 50W-X12 resin, 200-400 mesh) and HCI acid
media (0.2 N) for 30 ng of Li. Blanks for the total chemical
extraction were less than 30 pg of Li, which is negligible as
it represents a 10~ blank/sample ratio.

Successful quantitative measurement of Li isotopic com-
positions requires 100% Li recovery during laboratory pro-
cessing. Therefore, frequent column calibrations were
performed. Repeated analyses of the L-SVEC standard
processed through columns showed 100% Li recovery and
no induced isotope fractionation due to the purification
process.

Accuracy and reproducibility of the entire method (puri-
fication procedure + mass analysis) were tested by repeated
measurement of a seawater sample (IRMM BCR-403) after
separation of Li from the matrix. For this we obtained a
mean value of 8’Li = +30.8%, + 0.4 (20, n= 15) over the
duration of the analyses. This average is in good agreement
with our long-term measurement (8’Li=+31.0%, + 0.5,
20, n =30, Millot et al., 2004) and with other values re-
ported in the literature (see, for example, Tomascak, 2004
for a compilation). For rocks, a total digestion of the sam-
ple was necessary before separation of Li from the matrix.
About 50 mg of crushed sample was dissolved in a closed
beaker with an ultrapure mixture of three acids for 4 days
at 100 °C: 4 ml of HF (23 N), 1 ml of HNOj; (14 N) and
0.1 ml of HCIO4 (12 N). Four days later, once the acid mix-
ture had evaporated, 4 ml of HCI acid (6 N) was added for
4 days at 100 °C. A sample aliquot (30 ng of Li) of the acid
dissolution residue was then dissolved in 0.5 ml of HCI
(0.2 N) before being placed in a column containing cationic
resin for Li separation. Blanks for the total digestion of the
solid samples by acids (HF, HNO;, HCIO4 and HCI) were
less than 300 pg of Li. Considering the Li concentration in
the solid samples (from 5 to 50 pug/g) and the sample quan-
tity taken for acid digestion (50 mg), it appeared that the
quantity of Li ranged from 250 to 2500 ng. Consequently
the blank accounted for only 0.01-0.1% of the sample,
which is negligible.

Accuracy and reproducibility of the procedure for solid
samples (dissolution + purification procedure + mass anal-
ysis) was tested by repeated measurement of the JB-2 basalt

standard (Geological Survey of Japan). This yielded a mean
value of 8’Li = +4.9%, + 0.6 (20, n = 17), which is in good
agreement with published values (see Carignan et al., 2007
and Tomascak, 2004 for data compilation).

Therefore, based on long-term measurements of both
seawater and JB-2 basalt standards, we estimate the exter-
nal reproducibility of our method to be around 40.59%,
(20).

3.3. Experimental techniques for seawater/basalt interaction

To determine the extent of Li isotope fractionation dur-
ing water/rock interaction as a function of temperature, we
performed a series of laboratory experiments. These exper-
iments consisted of determining Li isotopic fractionation
during the interaction of basalt with seawater at different
temperatures (25, 75, 200 and 250 °C) and various pres-
sures. This was the first study involving Li isotope exchange
experiments for low temperature water/rock interaction
(below 100 °C).

The basalt chosen for the experiments was the JB-2 tho-
leiitic basalt (Japan Geological Survey), which is a well
characterized secondary reference material for Li isotopes
and Li concentration (3'Li=~+4.9%, + 0.6, Li=7.78 pg/
g). Seawater chosen for the experiments was the reference
material IRMM  BCR-403  (8’Li=+31.0%, £ 0.5,
Li=0.18 mg/L, Millot et al., 2004).

Experiments were carried out with a seawater/basalt
mass ratio of 10 and a seawater solution diluted to 60%
(with ultrapure H,O Milli-Q), to reproduce the natural con-
ditions (water/rock ratio and seawater dilution) found in
the Bouillante geothermal site.

Experimental run durations varied from days to weeks,
depending on the applied temperature (Table 1). Li concen-
tration and Li isotope composition (8’Li) were measured
through time in sampled aliquots of the solution that had
interacted with the basalt at various temperatures (25, 75,
200 and 250 °C).

Two different experimental devices were used. For
experiments carried out at 25, 75 and 200 °C, large vol-
umes (5-10 ml) of solution were put into closed beakers
and then placed in an oven. For experiments carried
out at 200 and 250°C, small volumes of solution
(300 pul) were loaded in gold capsules and then placed
in an autoclave. We were therefore able to compare the
results obtained from the two devices at 200 °C (oven
and autoclave furnace system).

For experiments at 25 and 75 °C, 5 ml of diluted seawa-
ter was initially placed with 500 mg of powdered JB-2 ba-
salt in a closed Teflon PFA (perfluoroalkoxy plastic)
beaker and then placed in a temperature-controlled oven,
with temperatures set at 25 or 75 °C. The temperature in-
side the oven varied less than 5% over the total duration
of the experiments. The solution was sampled after 2 days
and then after 1, 5, 10 and 35 weeks (Table 1). The samples
(300 pl) were filtered using 0.20 pm filter prior to Li isotopic
measurement, to ensure that only dissolved Li was sampled,
without any contribution from powdered basalt.

At 200 °C, 10 ml of diluted seawater with 1 g of pow-
dered JB-2 basalt was put in a Teflon PTFE bomb within
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a screw-top stainless-steel container and then placed in an
oven at 200 °C. Solution aliquots (300 pl filtered) were sam-
pled after 3 and 7 days.

Experiments were also carried out at 200 and 250 °C in
an autoclave furnace system under high pressure at the
Institut des Sciences de la Terre d’Orléans (ISTO). Diluted
seawater (300 ul) and powdered basalt (30 mg) were loaded
in gold capsules (4 cm long, S mm in diameter) that were
previously cleaned by boiling in diluted HCI solution and
then in distilled water. The powdered basalt was placed at
the bottom of the gold capsule before the diluted seawater
was added. Once filled with diluted seawater, the capsules
were welded shut using a graphite arc welder. The weight
of the capsules was used to monitor loss during welding.
The capsules were then placed in an internally heated pres-
sure vessel, which was pressurized with Argon (Ar; Scaillet
et al., 1992), at either 200 or 250 °C (P = 150 bar). Run
durations varied between 1 and 12 days (Table 1), during
which the temperature remained within 1 °C of the target
value. Pressure fluctuations related to changes in room tem-
perature were less than 5 bar. Overall, the uncertainties in
temperature and pressure values reported here were esti-
mated to be +5°C and +5 bar. Upon completion of the
run, capsules were removed from the vessel, weighed to
check for leaks and opened. The sampled solution was then
filtered at 0.2 um. No experiments showed weight changes
in excess of 0.2 mg, which is within the analytical uncer-
tainty of the balance.

Possible contaminants for experiments using Teflon
PFA beakers (25 and 75°C), a Teflon PTFE bomb
(200 °C) and gold capsules (200 and 250 °C) were tested
for by running diluted seawater without powdered basalt
for several days and by comparing Li concentration and
8’Li values before and after run completion. This clearly
showed that there was no variation in either the Li concen-
tration (0.1 mg/L, 60% diluted) or &’Li values
("Li = +31.0%,). Thus, there was no Li contamination from
containers or handling.

At the end of each experiment (25, 75, 200 and 250 °C),
Li isotope compositions (8'Li) were measured in the solid
products, to determine the Li isotope fractionation between
the liquid and solid phases.

3.4. Mineral characterization

The residual solids (powdered basalt after interaction)
were analyzed at the end of each experiment (25, 75, 200
and 250 °C). Transmission electron microscopy (TEM)
was performed at the University of Orléans to determine
the bulk mineralogical composition of the residual solid
after interaction. In addition, infrared spectra were ob-
tained on a BRUKER Equinox IFS55 Fourier transform
infrared (FTIR) spectrometer by transmission through a
pellet of a mixture of 150 mg KBr with less than 1 mg of
sample. The spectrometer was equipped with a high energy
source, separating KBr and a DTGS (deuterated triglycine
sulfate) detector, making it possible to explore the IR aver-
age ranging classically from 4000 to 350 cm™ . The spectral
resolution was 4 cm™!, with 32 scans used for both the
background and the samples.

4. RESULTS
4.1. Bouillante, Lamentin and Diamant areas

Lithium concentrations spanned more than two orders
of magnitude in the water samples collected from the Bouil-
lante area, ranging from 0.046 mg/L for the terrestrial ther-
mal spring Marsolle and 0.19 mg/L for the sub-marine
spring SM5 (for the lowest concentrations) up to 6.7 mg/
L for the deep geothermal water (well BO-6). The low Li
concentration observed in the water sample collected from
the thermal spring Marsolle can be explained by its low
TDS (close to 0.8 g/L; Mas et al., 2006), due to a predom-
inant contribution of fresh water that was estimated at
about 98% (Sanjuan and Brach, 1997). Fluids from the
wells had the highest Li concentrations, ranging from 4.3
to 6.7 mg/L, depending on the sampling conditions (i.e.,
down-hole sampling, sampling after phase separator, sam-
pling in the weir box; see Table 2). Generally, the down-
hole water sample was representative of the deep fluid.
The increasing concentrations observed for most of the
chemical species (including Li) in the samples of residual
fluid collected at the surface (after separator or in the weir
box) were the result of the formation and loss of steam, the
amount of which depended on the temperature and pres-
sure conditions of the phase separation.

Lithium isotopic compositions (3’Li) were also quite
variable and ranged from +3.8 for the BO-BS water sample
to +29.39, for the seawater sample. However, it is impor-
tant to note that all the well fluids in the Bouillante geother-
mal field (BO-2, BO-4, BO-5 and BO-6 samples) had similar
8"Li values. These geothermal water samples were collected
from the various wells intersecting the deep reservoir and
under different sampling conditions (from 1999 to 2002).
They presented 8’Li signatures between +4.2 and +4.8%,,
with an average value of 8'Li = +4.4%,+ 0.4 (20, n=28).
This constancy in 8’Li values (+0.4%,, close to the repro-
ducibility of the analytical determination of 8’Li, +0.5%,
20), clearly shows that geothermal fluids discharged from
the wells were homogeneous from a Li isotope point of
view. Consequently, this demonstrates that all of the geo-
thermal wells are probably fed by a common reservoir.

These conclusions are in agreement with the homogene-
ity observed from chemical and other isotopic analyses (8D
and 8'80 values, boron and strontium isotopes; Sanjuan
et al., 2001; Mas et al., 2006). Our results show that no
Li isotopic fractionation occurs (or is negligible) during
the phase separation between liquid and steam, under dif-
ferent temperature and pressure conditions (after separator:
160 °C and 6-8 bar; in weir box: 100 °C and 1 bar, see Ta-
ble 2). For instance, the 8’Li value determined in a sample
of separated steam was 8'Li = +4.8%,, (sample BO-4-00-
222C, Table 2), which is identical to the 8’Li value prior
to phase separation. In addition to that, the BO-BS water
samples that were collected from a shallow borehole also
yielded 8’Li values (+3.8%, and +4.2%,) similar to those
measured in the fluids discharged from geothermal wells.

The fluids discharged from sub-marine thermal springs
had 87Li signatures ranging from +4.8%, to +26.1%, (sam-
ple SM5 having the highest 8’Li value). The value for sea-
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water sampled offshore in the Bouillante bay
(8'Li = +29.39%,) was at the lower end of the range of var-
iation observed for oceans worldwide (from —+299, to
+34%,, Millot et al., 2004).

For the Lamentin plain (Martinique), Li concentrations
in the water samples ranged from 0.23 mg/L (seawater) to
1.67 mg/L (borehole Carrére, Table 2). The geothermal
water samples collected from the two boreholes were differ-
ent, with 8'Li = +7.8%, for the borehole Californie and
+6.0%, and +6.29, for the borehole Carrere. The seawater
sampled near the Lamentin area had a Li isotopic compo-
sition of 8’Li = +30.1%,, which is in good agreement with
the average value of scawater.

In the Diamant area, Li concentrations ranged from
0.226 mg/L (seawater) to 10.1 mg/L (thermal water sample
DIAMI1). The Li isotopic range was very large with 8’Li
values between +6.3%, and +30.5%, for the DIAMI1 and
seawater samples, respectively.

Water samples collected from the two discharge points
of the thermal spring Petite Anse (DIAM1 and DIAM?2;
Fig. 1) presented a Li isotopic composition in the range
of +6.3%, to +7.1%,.

4.2. Seawater/basalt interaction experiments

The Li concentration and isotopic composition of the
solutions were determined after various reaction times dur-
ing seawater/basalt interaction at 25, 75, 200 and 250 °C.
Results are given as a function of reaction time and interac-
tion temperature (Table 1). For the liquid phase, Li concen-
trations and 8’Li variation with time are plotted against
temperature, including the initial seawater (diluted to
60%) having a Li concentration of 100 pg/L and a 8’Li va-
lue of +31.0%, (Fig. 2).

At 25 °C, the seawater/basalt interaction was measured
in liquid samples that were collected after 2, 7, 35, 70 and
245 days. Starting from an initial value of 100 pg/L, the
Li concentration varied little throughout the experiment,
with values between 97 and 123 pug/L. According to the
uncertainty of the method used to measure Li concentra-
tion after run completion, there was little Li concentration
variability in solution during the interaction of basalt with
seawater at 25 °C. On the other hand, starting from an ini-
tial value of 8"Li = +31.0%,, the Li isotopic composition of
the solution decreased rapidly and significantly to reach a
8’Li value of +23.5%, after 245 days.

At 75 °C, sample aliquots were collected after 2, 7, 35, 70
and 245 days. The Li concentration increased steadily with
time up to 220 pg/L (twice the initial value). With increas-
ing Li in solution, 87Li values in the solution decreased.
The 3"Li signature dropped from +31.0%, to +16.5%, after
245 days.

At 200 °C, the Li concentration significantly increased in
solution during seawater/basalt interaction, both in experi-
ments carried out with the PTFE bomb and in those com-
pleted with gold capsules in an autoclave. This increase was
observed after 1 day of interaction (212 pg/L), after which
the Li concentration did not vary appreciably (Fig. 2).
The Li isotopic composition of the solution decreased rap-
idly and significantly down to a minimum &’Li value of

around +14.5%, Values were identical for both the
PTFE-bomb and gold-capsule methods (+14.29, to
+14.7%,). The fact that the same 8’Li values were obtained
with both methods and that the 8’Li signature was constant
with time shows that steady state was probably reached for
Li isotope exchange. The Li isotopic signature was
8’Li=+15.2%, after 12days, which is identical to
+14.5%, considering the external reproducibility of the
method: +0.5%, (20).

At 250 °C, the Li concentration rapidly increased in
solution and tended to a maximum of 352 ug/L after 7 days
(more than three times the initial value of 100 pg/L). Li iso-
tope variation at 250 °C showed a strong decrease from
+31.0%, down to +13.19, after 1 day, after which the val-
ues were constant at +11.79, and +11.6%, after 2 and
7 days, respectively.

In addition to the fluid, the Li isotopic composition of
the residual solid (powdered basalt after interaction) was
analyzed at the end of each experiment (25, 75, 200 and
250 °C). These 8’Li values (Table 3) were identical to the
initial value measured for the JB-2 basalt, showing that
there was no measurable variation in the Li isotopic com-
position of bulk solid phase during these experiments. This
reflects the order of magnitude difference in Li concentra-
tions between the starting solid and fluid phases.

5. DISCUSSION
5.1. Li isotopic systematics in geothermal systems

A graph of the Li isotopic composition (8’Li) for vari-
ous waters from the Bouillante geothermal area plotted
against the Li/Cl ratio is shown in Fig. 3a. This figure re-
veals the mixing process (shown by a hyperbolic curve on
the graph) and highlights samples having the highest Li/
Cl ratios (i.e., those enriched in Li), which are the samples
of interest for the study of geothermal systems.

As previously stressed, the critical finding from our field
measurements was that all of the deep geothermal fluids
from the Bouillante area (BO-2, BO-4, BO-5, BO-6 and
BO-BS) had very homogeneous Li isotopic signatures, with
an average value of 8'Li=+4.4%, + 0.5 (Fig. 3b). These
well fluids also correspond to the samples with the highest
Li/Cl ratios (from 3.7 x 107 to 4.1 x 10™%) and belong
to the Bouillante geothermal reservoir, for which a deep
temperature was estimated at 250-260 °C.

On the other hand, it is apparent that fluid samples col-
lected from the sub-marine thermal springs define a good
mixing trend between geothermal reservoir fluid and seawa-
ter, the latter having a high Li isotopic signature of
8"Li = +29.3%, and a low Li/Cl ratio of 0.1 x 10~*. This
mixing process has already been reported, on the basis of
major element concentrations, by Traineau et al. (1997),
Sanjuan and Brach (1997) and Sanjuan et al. (2001), and
is confirmed here using Li isotope tracing. Our inferred
mixing range (%) is in agreement with previous estimates
(Fig. 3a). Another very interesting result for geothermal
exploration is that the water sample collected from the ter-
restrial thermal spring Marsolle, which is comprised of
about 98% freshwater, is also located on the hyperbolic
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Fig. 2. Graphs showing the evolution over time of the solution for lithium isotopic composition in red (8'Li, %,) and Li concentration in blue
(Li, pg/L) during experiments at 25, 75, 200 and 250 °C. Lithium isotopic composition determined at steady state (8'Li equ» 1.€., equilibrium:
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end of each run. At 200 °C, red circles and red squares correspond, respectively, to experiments carried out with gold capsules in an autoclave
and with a Teflon PTFE bomb placed in a screw-top stainless-steel container in an oven.

curve of mixing between seawater and geothermal fluid
(Fig. 3a). This suggests that this thermal spring is supplied
by water from the Bouillante geothermal reservoir. Due to
the low TDS of this water and to the presence of seawater,
Fig. 3a and the ¥Sr/%®Sr versus Sr/Cl diagram (Sanjuan
and Brach, 1997) are the only methods that reveal the con-
tribution of geothermal water toward the composition of
this thermal spring.

The geothermal waters of the Lamentin area, which are
initially made up of a mixture of seawater and fresh surface
water, differ significantly from Bouillante samples with re-
spect to their Li isotope signature, with 8’Li = +7.8%, for
the borehole Californie and +6.0%, and +6.29, for the
two Carrere boreholes. These fluids correspond to the Lam-
entin geothermal reservoir with an average value of
8’Li = +6.7%, (n = 3), the deep temperature of which was

Table 3

Li isotopic composition determined at steady state in the solution
(8'Li solution) and solid phases (8'Li pasare) for seawater/basalt
interaction experiments carried out at 25, 75, 200 and 250 °C. The
uncertainty is the standard deviation (2¢ of the 8’Li values at run
completion for each experiment. The fractionation (Agoutionsolid) 1S
the difference in Li isotopic composition between the solution and
the basalt for each experiment at steady state.

Temperature 87Lisolutinn 67Libusult Asululion solid
(°C (%0) (%0) (%0)
25 244+£1.5 5.0 19.4
75 174+ 1.6 49 12.5
200 14.6+0.8 5.1 9.5
250 11.7+0.1 5.0 6.7

estimated to be between 90 and 120 °C. The Li isotopic sig-
nature of the Lamentin geothermal reservoir is, therefore,
very different from that of Bouillante (Fig. 3b).

Fig. 3a shows the waters collected from wells and sub-
marine thermal springs in both the Bouillante and Lamentin
geothermal sites, for comparison. The hyperbolic curves for
mixing of deep reservoir fluids and seawater are also shown
for each geothermal system. These illustrate that the Bouil-
lante and Lamentin geothermal reservoirs are very different
in terms of both their Li isotopic signature and their Li/Cl ra-
tios. This probably results from the difference in tempera-
tures of their respective reservoir sources (90-120 °C for
Lamentin and 250-260 °C for Bouillante). Indeed, at higher
temperature, it is likely that more Liis released to the geother-
mal water, thus lowering the §'Li signature of the water,
which would trend toward that of the interacting reservoir
rocks. The extent of Li isotope fractionation as a function
of temperature during water/rock interaction will be dis-
cussed in Section 5.2. Alternatively, these Li isotopic signa-
tures might also result from differences in the lithology and
nature of the reservoir rocks at the two sites.

In the Diamant area, a comparison of chemical compo-
sitions for samples DIAM1 and DIAM?2 indicated a dilu-
tion by fresh surface water. The origin of these saline
thermal waters seems to be relatively complex (Sanjuan
et al., 2003, 2005). Their 3'Li signatures, however, were
similar at the 20 level (+6.8%, and +6.29, for DIAMI,
+7.19, and +6.6%, for DIAM2, respectively). This suggests
that they came from the same geothermal reservoir at
180 °C. Binary diagrams, such as SD-5'%0, 8D-CI, 5'%0-
Cl and Br-Cl (Sanjuan et al., 2002a, 2002b, 2003, 2005),
clearly indicate that the geothermal waters collected from
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Fig. 3. Lithium isotopic compositions (8"Li, %) in waters from the
Bouillante (red), Lamentin (green) and Diamant (blue) geothermal
fields plotted as a function of the Li/Cl ratio. The temperature of
the deep geothermal reservoir was estimated by geothermometry to
be about 90-120 °C, 180 °C and 250-260 °C for the Lamentin,
Diamant and Bouillante areas, respectively. In 3a, the mixing
proportions have been added for each mixing corresponding to the
proportion of seawater in %. (For interpretation of the references
in color in this figure legend, the reader is referred to the web
version of this article.)

the Lamentin area could not have resulted from a mixing
between geothermal waters from the Diamant area, seawa-
ter and freshwater. This is also confirmed in Fig. 3b.

5.2. Lithium isotopic fractionation and temperature
dependence

5.2.1. Lithium isotope exchange experiments
Experiments were carried out at different temperatures
to investigate Li isotope exchange between a diluted seawa-

ter solution and a powdered basalt. The evolution over time
of Li concentrations in solution clearly indicates a temper-
ature dependence of Li and its isotopes (Fig. 2 and Sec-
tion 4.2). Indeed, the release of Li into solution for each
experiment increased with temperature. In addition, we ob-
served (Fig. 4) that, during our experiments, Li and 8’Li
data agreed well with a simple mixing process between
the initial basalt and seawater. This confirms that Li is a
fluid-mobile element that tends to preferentially pass into
the fluid phase during water/rock interaction.

To help in the characterization of processes controlling
Li and its isotopes in our experiments, the mineralogy of
the residual solids was investigated after run completion.
Transmission electron micrographs (Fig. 5) clearly show
that alteration minerals were observed for experiments car-
ried out at 25 and 75 °C (alteration rings can be seen in
Fig. 5b and c; these are highlighted by black arrows). These
show that the formation of secondary minerals was much
more important for experiments carried at higher tempera-
ture (200 and 250 °C in Fig. 5d and e).

Moreover, IR spectra were obtained by FTIR spectrom-
etry for the same residual solids after run completion (at 25,
75, 200 and 250 °C, Fig 6a) and for the starting unaltered
basalt (Fig 6a). IR spectra obtained in transmission show
the lines characteristic of salts contained in sea water and
basalt, for the solids having interacted at 25 and 75°C
(Fig. 6b). On the other hand, for solids having interacted
at higher temperatures (200 and 250 °C, Fig. 6b), we no-
ticed the presence of lines that are characteristic of clay
minerals. The lines fell close to that of a nontronite (smec-
tite), for the sample having interacted at 200 °C (line
around 3565 cm™! in the field containing OH bond elonga-
tions), and between a nontronite and a beidellite (line cen-
tered around 3605 cm ™! in the field containing OH bond
elongations), for the sample having interacted at 250 °C.
In addition, X-ray diffraction spectra confirmed the pres-
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Fig. 4. Graphs showing the lithium isotopic composition (8’Li, %)
as a function of 1/Li (ppb™!) in the liquid fraction during
experiments at 25, 75, 200 and 250 °C.
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Fig. 5. Transmission electron micrographs of the starting solid material (basalt JB-2) and the different solid run products (powdered basalt
after interaction) at the end of each experiment (25, 75, 200 and 250 °C). The black arrows show the formation of clay minerals. The white
arrows show the presence of residual salts after the evaporation of remaining seawater.

ence of smectite minerals in the solids having interacted at
200 and 250 °C.

However, experiments carried out by James et al. (2003)
have shown that Li is taken up by basalt alteration phases
at 150 °C and then released at higher temperature. Uptake
of Li by alteration minerals is not a one-way process. The
fact that such a behavior was not observed in our experi-
ments is possibly related to the different experimental con-
ditions explored in our study relative to those of James
et al. (e.g., water/rock ratio, initial Li concentration in the
solution). In particular, in our experiments there was a
large initial Li concentration gradient between the starting
solution (5mL x 100 ng/g =500 ng Li) and the basalt
(0.5g x 7.78 ug/g = 3.9 pg Li).

In spite of this, during our experiments it was quite obvi-
ous that secondary minerals (clays) were formed during
water/rock interaction, and that this may have played a
key role in the Li isotopic trends documented here. The
importance of Li isotopic fractionation during formation
of Li-bearing secondary minerals has already been ad-
dressed in previous works (Chan and Edmond, 1988; Chan
et al., 1992, 1993, 1994; James et al., 1999). These reports
have shown that fractionation occurs when °Li is removed
from the solution when clay minerals precipitate. In con-
trast, according to these works, the heavy Li isotope ("Li)
is not preferentially released into solution, as there is no
reason to expect Li isotope fractionation during dissolution
of a fresh basalt (Pistiner and Henderson, 2003).
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In light of the above evidence, we suggest that the
behavior of Li (concentration and isotopic ratio) in our
experiments was essentially controlled by two complemen-
tary processes: (1) mixing between Li in the initial solution
(seawater, 8'Li = +31%,) and Li release into the solution
from the basalt (Figs. 2 and 4) and (2) uptake of lithium
into secondary minerals, which is a temperature-dependent
process.

Considering the water/rock ratio and the Li concentra-
tions in seawater and basalt, we estimate that the maximum
Li concentration in the solution was about 880 pg/L. Upon
inspection of Fig. 2, it is obvious, however, that this maxi-
mum value was not reached in any case, implying that an-
other process (not simple dissolution) was controlling the
release of Li into the solution. We propose the following
scenario for the observed trends in Li and its isotopes in

our experiments: as reaction time proceeds, the Li concen-
tration in the solution increases and the 8’Li values flatten
out. For any given temperature, two successive processes
control Li and its isotopes, as is schematically illustrated
in Fig. 7. First, dissolution processes are predominant
and release Li into solution (consequently 8’Li sharply de-
creases, whereas Li concentrations increase). This step is
short, as observed in Fig. 2. Then, during the second step,
a steady state is reached between dissolution of basalt, on
the one hand, and precipitation of alteration minerals, on
the other hand. The competition between dissolution and
precipitation processes is likely to be the key factor control-
ling Li and its isotopes in these experiments.

In addition to the different processes controlling Li, the
question of steady state is thus crucial for a correct applica-
tion of the experimental results. The fact that 3’Li values
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Fig. 7. Schematic graph showing the evolution of 3"Li values and
lithium concentrations in liquid as a function of time.

were constant and reached a plateau at the end of each
experiment is a good indication of having attained an isoto-
pic steady state. We can, therefore, determine the 8’Li sig-
nature of the solution at steady state by averaging the
constant values measured after run completion for each
experiment (Fig. 2). These &Li signatures in solution deter-
mined at steady state (67Lisolution) are given in Table 3.

Isotopic fractionation (Agoputionsolia) Detween the solu-
tion and the solid can then be calculated after run com-
pletion (when isotopic steady state was reached, Table 3).
Fractionation factors ranged from +6.7%, to +19.4%, for
experiments carried at 250 and 25 °C, respectively. At low
temperature (25 °C), Li isotopic fractionation was much
more important (Agoputionsolia = 19.4%,). The fraction-
ation factor decreased from -+12.5%, at 75°C and
+9.59%, at 200 °C to a value of +6.79%, at 250 °C. Alto-
gether, these experiments confirm the strong temperature
dependence of Li isotope exchange during water/rock
interaction (Fig. 8a).

a 2 T T T 7 T T T

A solution - solid (%)

@ this study: seawater/basalt experiments

s this study: regression
- mmmmm hydrothermal basalt alteration b

0 Y N B T T B T T
0 50 100 150 200 250 300
Temperature (°C)

b Temperature (°C)
% 500400 300 200 100 25
T I I I
20 — | -
§"°
&
- equation:A = =7847/T-8.093 ]
= 2 = g
2 0.93
= 15 — -
°
0 = -
c
b=}
4_:-’- 10— —
[=]
("]
<
5 — —
e
. . ‘:":,’eﬁ' o
Wer
e
0 T I T I T I T I T | T I T I T
0.8 1.2 16 2 24 238 3.2 36 4

1000/T (K)

Fig. 8. (a) Lithium isotopic fractionation between solution and
solid (4solution-solia) determined in our experiments versus the
interaction temperature (red circles and red curve). The blue curve
corresponds to isotopic fractionation factors inferred from studies
of altered basalt and hydrothermal solutions that give 4 values of
+49,, at 350 °C, +9%, at 160 °C and +19%, at 2 °C (Chan and
Edmond, 1988; Chan et al., 1992, 1993, 1994; James et al., 1999).
(b) Lithium isotopic fractionation between solution and solid
(Asolution-solid) calculated in our experiments (red circles) versus the
inverse of the temperature of interaction (1000/7, K~'). The red
line represents the correlation obtained in our experiments. The
blue line corresponds to isotopic fractionation inferred from
hydrothermal basalt interaction. The grey line represents the
experimental relationship determined by Wunder et al. (2006),
between 500 and 900 °C, and the dashed grey line is an extrapo-
lation below 500 °C. (For interpretation of the references in color
in this figure legend, the reader is referred to the web version of this
article.)
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In addition to this experimental approach, the water/
rock interaction process may also be investigated using
the modeling method reported by Magenheim et al.
(1995). In this model, the initial rock is incrementally de-
stroyed, and Li is partitioned into the fluid and alteration
phases. The relationship of the integrated concentration
of the two isotopes °Li and ’Li in solution with the rock/
water ratio (r/w) is described by the following two
equations:

1 SLi, — K x SLi,
rfw=—gxn (6Li,—Kx6L10> M

"Li, — oK x "Li,
rfw== g xn (7Li, 4K x 7Li0) )
where °Liy and "Li, are the initial concentrations of the two
isotopes in the starting solution (seawater diluted,
Li= 0.1 mg/L and 8’Li = +31%,), °Li, and "Li, are the con-
centrations of the two isotopes in the initial rock (basalt JB-
2, Li=7.78 pg/g and 8"Li = +4.9%,), K is the distribution
coefficient of an isotope between the solution (Li,,) and al-
tered phase (Li,y), and « is the associated isotopic fraction-
ation (2 = ("Li/°Li)iiquia/("Li/*Li)soria). Thus:

SLiy = K®Li, (3)
and
"Liy, = oK'Li, (4)

Because K and o are temperature dependent, different val-
ues are used for the calculations, with data as compiled
by Magenheim et al. (1995) and Chan et al. (2002). The
empirical values for the parameters used are as follows:

for 260 °C, K=0.35 and o = 0.994; for 300 °C, K=0.32
and o =0.995; for 350°C, K=0.27; «=0.996; and for
400 °C, K=0.23 and o = 0.997.

The 8'Li values calculated for liquid and solid phases
following Magenheim’s model are reported as a function
of the water/rock ratio (w/r) in Fig. 9. We note that this
model is in good agreement with our experimental results.
Indeed, this model takes into account a fractionation of
6%, at 260 °C between liquid and solid phases, which is sim-
ilar to the value obtained in our experiments (i.e., 6.7%, at
250 °C). It is important to highlight that this isotopic frac-
tionation value was not a function of the water/rock ratio
(w/r). The difference between 8’Li in liquid and solid phases
was independent of the water/rock ratio (see Fig. 9).

This feature can be investigated further by comparing
our experimental constraints with Li isotopic fractionation
and values determined either in natural environments or in
other experimental studies. Most Li fractionation values re-
ported so far in the literature come from studies of interac-
tion between seawater and more or less weathered basalt.
The isotopic fractionation factors inferred from these stud-
ies give A values of +49, at 350 °C, +99%, at 160 °C and
+19%, at 2°C (Chan and Edmond, 1988; Chan et al.,
1992, 1993, 1994; James et al., 1999). These 4 values are
shown in Fig. 8a as ‘hydrothermal basalt alteration’, for
which an empirical equation was reported by James et al.
(1999). Chan et al. (1994) have also shown that the isotopic
composition of fluids decreases with increasing tempera-
ture. Their results clearly demonstrate that Li mobilization
is a temperature-dependent process. Li release can begin at
relatively low temperatures and increases with heating. Our
experimental data are in good agreement with the relation-
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Fig. 9. Lithium isotopic composition (8’Li, %,) for water and solid (alteration products) phases as a function of water/rock ratio (w/r)
following Magenheim’s model (Magenheim et al., 1995) for temperatures of interaction ranging between 260 and 400 °C. The empirical values
for the parameters used are as follows: for 260 °C, K = 0.35 and a« = 0.994; for 300 °C, K =0.32 and o = 0.995; for 350 °C, K= 0.27 and

o = 0.996; and for 400 °C, K =0.23 and o« = 0.997.
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ship inferred from natural systems, namely ‘hydrothermal
basalt alteration’ (Fig. 8a).

In Fig. 8b, isotopic fractionation determined using our
experiments (Asomtion—solid) 1S plotted as a function of
1000/T (temperature in Kelvin, K). This graph enabled
determination of the empirical relationship (Eq. (5)) be-
tween the isotopic fractionation and the reciprocal temper-
ature (R> = 0.93):

Asolution solid = @ —8.093 (5)

Fig. 8 also displays the data of Wunder et al. (2006) who
experimentally worked out the Li isotopic fractionation be-
tween clinopyroxene and aqueous fluids at temperatures be-
tween 500 and 900 °C at 2.0 GPa. According to these
authors, there is significant fractionation (about +19,,) even
at high temperatures (900 °C). Their relationship is shown
in Fig. 8b, where the dashed-line corresponds to an extrap-
olation to temperatures below 500 °C. Although the rela-
tionships derived by Wunder et al. (2006) are not strictly
comparable to ours, owing to the widely different experi-
mental conditions explored and solid composition used,
the two data sets agree remarkably with each other. This
considerably strengthens the use of Li isotopes as tracers
of fluid-mineral interaction processes over a large range
of P-T conditions.

5.2.2. Application to deep saline geothermal waters in
volcanic island arc areas

The Li isotopic compositions of deep saline geothermal
waters are plotted as a function of reservoir temperatures,
as determined either by direct measurements or via chemical
geothermometers (Fig. 10). The obtained relationship sup-
ports a temperature dependence of the Li isotopic signature
in the geothermal reservoir. This figure shows, as a general
rule, that the higher the reservoir temperature, the lower
the Li isotopic signature of the geothermal waters. However,
it is important to point out that the 8’Li signatures in the
Lamentin and Diamant geothermal waters were very similar,
despite having significantly different reservoir temperatures.

Using the experimental data (Agputionsolia) Obtained
during this study (Table 1), as well as assuming consistent
Li behavior between the water/rock interaction processes
occurring during the experiments and within the geother-
mal reservoirs of Bouillante, Lamentin and Diamant, the
8’Li signatures of the reservoir rocks were estimated from
the 8’Li values determined in the geothermal waters (see
in Fig. 10).

The 8’Li value found for the rocks of the Bouillante
deep reservoir was close to —2.49, + 0.6 (see Fig. 10). It
is obvious that this value is very different from the positive
Li isotopic signature of volcanic island arc lavas (Tomas-
cak, 2004). The presence of sediments could explain this
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Fig. 10. Lithium isotopic compositions (8'Li, %,) in well fluids from the Lamentin, Diamant and Bouillante geothermal fields plotted as a
function of the temperature of the reservoir determined either by direct measurements (Bouillante and Lamentin wells) or chemical
geothermometers (Diamant, Bouillante and Lamentin wells). Parametric curves correspond to different values of 8’Li in reservoir rocks (from
—1.8%, to —7%,), assuming the temperature dependence of Li isotopic fractionation obtained in the present work by experiments (Table 3).

See text for comments.
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light Li isotopic value. However, this contribution seems to
be minor or negligible in the Bouillante geothermal reser-
voir, because the Na/Li geothermometer determined for
oil-field and sedimentary basins by Kharaka et al. (1982)
cannot be used for this reservoir. Only the Na/Li geother-
mometer determined by Fouillac and Michard (1981) for
saline geothermal waters in volcanic (and granitic) environ-
ments provides a reliable temperature estimate. Light Li
isotopic values have also been observed for mantle-derived
materials, such as metasomatized xenoliths or some perido-
tites (James and Palmer, 2000; Decitre et al., 2002; Tomas-
cak, 2004). However, it would be difficult to explain their
presence in the context of the Bouillante geothermal area.
This is especially true as the hydrothermal waters in contact
with serpentinized peridotites often have chemical composi-
tions very different (very high pH, low dissolved silica; Ben-
ton et al., 2004) from those analyzed for the Bouillante
geothermal water. In this case, the light 8’Li value would
rather be associated to altered rocks located in the upper
sheeted dike complex of the oceanic crust, just below the
transition zone between andesite volcanic flows and the
basaltic dikes. Indeed, the upper dike section, in which Li
is extracted by hydrothermal fluid circulation, is character-
ized by light Li isotopic values in rocks (from —59, to 19;
Chan et al., 1996, 2002), indicating retention of °Li by the
altered rocks. According to Chan et al. (1992) who analyzed
an altered metabasalt (abundance of chlorite with minor
amphibole) from the ocean floor of the MAR (Mid Atlantic
Ridge) median valley, with a 8"Li value of —2.1%,: “Li is
not quantitatively extracted by the circulating fluid but
may be partially retained in the greenschist facies minerals
during hydrothermal activity, the lighter isotope being pref-
erentially taken up in the solid phase”. This zone is a priv-
ileged region of fluid mixing.

In addition, on the basis of geological and geophysical
arguments (BO-4 log data up to a depth of 2500 m in Dorel
et al., 1979; Andreieff et al., 1987; Sanjuan et al., 2004), the
upper basalt dike zone would be located in the Bouillante
area at a depth ranging from 3 to 5 km. Li enrichment is
accompanied by relatively low isotopic compositions, which
indicate the influence of basalt-derived Li during minerali-
zation and alteration. The high Li concentration analyzed
for the Bouillante geothermal fluid (about 4.5 mg/L) com-
pared to the experimental fluid at 250 °C, which was pro-
duced using a water/rock ratio of 10 (352 pg/L; i.e., the
maximum Li concentrations determined in our experi-
ments, Table 1, Fig. 2), suggests a lower water/rock ratio
of about 1-5 in the Bouillante reservoir. It is important to
keep in mind that the initial Li concentration in the Bouil-
lante reservoir rocks could be very different from that of the
rock used in the laboratory experiments (7.78 pg/g).

The §’Li value of —2.4%, + 0.6 determined for reservoir
rocks in the Bouillante area at 260 °C can be also found
using the model of Magenheim et al. (1995), considering a
water/rock ratio (w/r) close to 4-5, a Li concentration of
15 pg/g and a 8’Li value of 2.7%, for the initial fresh rock.
This Li isotopic value is commonly observed in samples of
unaltered basalts and basaltic andesites or lavas from sub-
duction zones and island arcs (8’Li values from 1.1%, to
7.6%,; Moriguti and Nakamura, 1998; Magna et al., 2003).

When considering the Bouillante area, such a water/rock
ratio parameter can be also estimated using the relationship
reported by Edmond et al. (1979):

"= Tigr — Livsw ©)
where Ligg is the Li concentration in the fresh rock, Ligr is
the Li concentration in the geothermal fluid and Lijg is the
Li concentration in the diluted seawater (i.e., initial fluid).

For different Li concentrations in the fresh rock (Ligg
ranging from 5, 10, 15 and 25 pg/g), we obtained the fol-
lowing values for the water/rock ratio (w/r): 1.2, 2.4, 3.6
and 4.8, respectively. These values are in good agreement
with estimates based on our experimental constraints (w/r
from 1 to 5).

Lastly, the w/r at Bouillante can also be estimated using
the relationship of Albarede et al. (1981) for Sr isotopes

concerning hydrothermal alteration of the oceanic crust:

(8781’> _ (37Sr>
86Sr GF 86Sr ER SI']:R
87Qr _ 878y
(w8r) psw — () gr  Stosw

™)

w/r=

where (37Sr/%Sr)gr = 0.70496 (reported by Mas et al.,
2006), (*’Sr/*®Sr)gr = 0.7041 (Sanjuan and Brach, 1997)
and (87Sr/868r)DSW =0.709 (Sanjuan and Brach, 1997) are
the Sr isotopic ratios of geothermal fluid, fresh rock and
seawater, respectively. Srgg and Srpgw are the Sr concen-
trations for fresh rock and diluted seawater, respectively
(we assume here that the dilution of seawater (60%) by fresh
water (40%) did not affect the Sr isotopic ratio).

After calculation, we obtained a w/r value close to 4.1
for Srpr = 100 pg/g and w/r = 8.2 for Srpr = 200 pg/g.

Thus, it appears that both Li and Sr-based estimates
converge towards a w/r value around 4-5. This assumes
that Li and Sr concentrations in the fresh rock were close
to 15-20 and 100 ug/g, respectively, which are values com-
monly observed in subduction zone and island arc basalts
that are enriched in Li relative to the mantle (around 3—
4 pg/g in MORB; Ryan and Langmuir, 1987).

For the Diamant area, the same value of 8’Li as that of
Bouillante (close to —2.49,, 4+ 0.6) was found for the reser-
voir rocks. Given that the Na/Li geothermometer suggests
that the geothermal fluid is partially in equilibrium with
sedimentary rocks, contrary to the Bouillante area and
according to the literature data (Tomascak, 2004; Chan
et al., 2006; Millot et al., 2007), this negative value could re-
flect the presence of volcano-sedimentary rocks in the deep
reservoir.

In the Lamentin plain, the geothermal reservoir is rela-
tively shallow and is comprised of volcano-sedimentary
rocks. The Na/Li geothermometer, which also suggests that
the geothermal fluid is partially in equilibrium with sedi-
mentary rocks, is in a good agreement with this reservoir
composition. The 8’Li values estimated for the reservoir
rocks (close to —6%, + 1; Fig. 10) were low compared to lit-
erature data (Tomascak, 2004). However, a 87Li value of
—4.7%, was found in altered white lava collected from the
borehole Carrere at a depth of 414 m (Table 4). As shown
by Sturchio and Chan (2003) for the Yellowstone system,
hydrothermal alteration products of volcanic rocks have
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Table 4
Li and Li isotopic compositions of a rock sample collected in the
Lamentin area (Carrere, drilling LA02).

Sample name Depth  &"Li 201 Li
(m) (7o) (%) (ng/e)

Lamentin Carrére LA02 414 —4.7 0.1 74
drilling

also exhibited extremely low 8'Li values (—4.8%,). On the
other hand, it is possible that the Li isotopic fractionation
equation determined for basalt in this study is less well
adapted for the volcano-sedimentary rocks that constitute
this reservoir, where sedimentary rocks are abundant.

Lithium concentrations and 8Li values are, therefore,
not only a useful tool to estimate the temperature of geo-
thermal reservoirs, but can also be used to determine the
nature (and sometimes the depth) of the reservoir rocks.
Additional water/rock interaction experiments (e.g., fresh
water/basalt, seawater and fresh water/andesite) similar to
those reported here would enable the completion of this
study and add to our understanding of Li behavior in island
arc geothermal systems.

6. CONCLUSIONS

The behavior of Li and its isotopes have been character-
ized in geothermal systems located in volcanic island arc
areas, such as those in Guadeloupe and Martinique. The
main results of this study are:

e Deep geothermal waters collected from wells and ther-
mal springs indicate that Li isotopic signatures are
homogeneous for a given site. The Li isotope variation
at the Bouillante geothermal reservoir was the most
homogeneous, with a mean value of 8'Li=
+4.49,+ 0.4 (20, n=28) and without any short term
temporal variation (1999-2002). This confirms the geo-
chemical homogeneity of the studied geothermal systems
and provides a strong argument for using the Li/Na geo-
thermometer to calculate reservoir temperature.

e Li isotopic signatures of each of these geothermal sys-
tems were also very different, as a result of the highly var-
iable temperatures of water/rock interaction (90-120 °C
for the Lamentin plain, 180 °C for the Diamant area
and 250-260 °C for the Bouillante geothermal fields)
and the lithological differences of the reservoir rocks.

e Liisotopic tracing confirms a process of mixing between
deep geothermal fluid and seawater for sub-marine ther-
mal springs.

e Experiments of seawater/basalt interaction were carried
out at different temperatures and the results confirm the
temperature dependence of Li isotope fractionation,
with values ranging from +19.4% to +6.7%, (4solution—
solid) between 25 and 250 °C, respectively, in agreement
with available field and experimental data. We suggest
that, in our experiments, Li and its isotopes were con-
trolled by two complementary processes: (1) mixing
between Li in seawater and Li released in solution from
the basalt and (2) uptake of Li into secondary minerals.

e These experiments allow us to determine the following
empirical relationship between the isotopic fractionation
and the temperature: Agoputon solia = 7847/T — 8.093
(temperature in Kelvin).

e These experimental results were applied to the saline
geothermal waters collected from the Bouillante and
Lamentin wells, as well as from the Diamant thermal
spring. Results suggest that the Bouillante geothermal
water is in equilibrium with a reservoir composed of
rocks located in the upper sheeted dike complex of the
oceanic crust. This reservoir acts as a privileged region
of fluid mixing and is located just below the transition
zone between andesite volcanic flows and basaltic dikes.
Based on BO-4 log data, geological and geophysical
arguments, this zone would be situated at a depth rang-
ing from 3 to 5 km. In the Lamentin and Diamant areas,
the Na/Li geothermometer and the Li isotopic signature
suggest that the geothermal fluid is in equilibrium with
volcano-sedimentary reservoir rocks. In addition, for
the Lamentin and Diamant geothermal areas, we know
that the Na/Li thermometric relationship determined
for sedimentary basins (Kharaka et al., 1982) gives tem-
perature values in agreement with temperatures esti-
mated for the reservoir fluids, suggesting the
importance of a sedimentary signature in the reservoir
rocks.

e Therefore, we conclude that lithium isotopic systematics
is a powerful tool for temperature characterization, and
can also be used to infer the origin of waters and the nat-
ure of reservoir rocks.
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Résumé

Ce manuscrit constitue la synthese des travaux de Recherches menés au BRGM au cours de ces 10 dernieres
années dans la thématique de le géochimie isotopique du lithium. Tout d’abord, nous décrivons en détails le
protocole de mesure par MC-ICP-MS (Multi Collector Inductively Coupled Plasma Mass Spectrometer) des
isotopes du lithium dans des matrices liquides et solides. Cette mesure requiert une bonne validation de
I’ensemble de la chaine analytique. Ensuite, nous illustrons a travers différents exemples, I'application de cet
outil isotopique a la compréhension des systemes et des milieux comme les eaux de pluies et les fleuves ainsi
que dans les interactions eau/roche a basse et haute température a travers I'étude des eaux thermo-minérales
et des eaux géothermales et enfin des systemes expérimentaux.

Les principales conclusions de ce travail sont les suivantes : 1/ la distribution du lithium et de ses isotopes dans
les eaux de surface (pluies et riviéres) est tres variable. Le lithium des pluies n’est pas uniquement d’origine
marine et les autres sources doivent donc étre prises en compte comme les apports anthropiques. 2/ Le lithium
dans les eaux de rivieres provient quasi exclusivement de I’altération des roches silicatées et les compositions
isotopiques du lithium dans les eaux des rivieres sont donc un bon traceur du régime d’altération qui est
contrélé par la balance entre la dissolution des minéraux primaires et la précipitation des minéraux secondaires
qui fractionnent les rapports isotopiques des eaux en incorporant préférentiellement du ®Li. 3/ Les
compositions isotopiques du lithium dans les eaux thermominérales présentent aussi de grandes variations et
le 8’Li d’une eau est inversement corrélé 2 la température profonde du réservoir. La thermo-dépendance du
fractionnement isotopique du lithium est étudiée entre I'eau et la roche, a fois pour des systemes géothermaux
mais aussi par une approche expérimentale.

Le fractionnement des isotopes du lithium dans les hydrosystemes dépend donc de I'intensité des interactions
eau/roche a la fois en terme de température dans les systémes géothermaux et du régime d’altération pour les
eaux de surface. Le mécanisme commun de contrdle est I’équilibre entre dissolution de minéraux primaires et
formation de minéraux secondaires.

Abstract

This manuscript is a summary of the research work carried out at BRGM over the past 10 years under my
direction in the field of lithium isotope geochemistry. First, we describe in detail the protocol for measurement
of lithium isotopes in liquid and solid matrices by MC-ICP-MS (Multi Collector Inductively Coupled Plasma Mass
Spectrometer). This protocol requires validation of the entire analytical procedure. Then, we illustrate through
various examples, the application of this isotopic tool in environmental systems such as rainwater and rivers,
and during water/rock interactions at low and high temperature through the study of thermo-mineral and
geothermal waters and finally in experimental systems.

The main conclusions of this work are: 1/ the distribution of lithium and its isotopes in surface water (rain and
rivers) is highly variable. Lithium in rain is in part derived from the oceans but other sources such as
anthropogenic inputs and dust must be taken into account. 2/ Lithium in river waters is almost exclusively
derived from the alteration of silicate rocks. The isotopic composition of lithium in river waters is a good tracer
of the “weathering regime” which controls the balance between the dissolution of primary minerals and the
precipitation of secondary minerals that can fractionate the lithium isotopic ratios of river waters by
preferentially incorporating ®Li. 3/ The isotopic composition of lithium in thermo-mineral waters also shows
great variation and ®Li of water is inversely correlated to the deep reservoir temperature. The thermo-
dependence of the lithium isotopic fractionation between water and rock has been studied in both natural
geothermal systems and with experimental approaches.

Fractionation of lithium isotopes in hydrologic systems depends on the intensity of water/rock interactions
both in terms of temperature in geothermal systems and “weathering regime” in surface waters. The common
controlling mechanism of lithium isotope compositions is the balance between dissolution of primary minerals
and formation of secondary minerals.
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